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“Il s’enveloppa les épaules dans le sac et bloqua le gouvernail dans la direction voulue. La 
barque était bien légère maintenant, et le vieux n’avait plus ni sentiments ni pensées. Il 
était au-delà de tout; il ne songeait plus qu’à ramener sa barque au port, aussi bien, aussi 
intelligemment que possible”
Ernest Hemingway, 1952, Le vieil homme et la mer.
“As a complement to Dobzhansky’s famous quote “nothing in biology makes sense except 
in the light of evolution” (Dobzhansky 1964), we therefore suggest that nothing in evolu-
tion or ecology makes sense except in the light of the other.” 
Pelletier F. Farant D. et Hendry AP, 2009, Phil. Trans. R. Soc. B.
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jeanba

Les photos de ce manuscrit sont de Olivier Bianchimani, Roland Graille et Frédérique 
Zuberer. (Tous droits réservés – CNRS)
Résumé
Résumé : Les pressions anthropiques agissent en synergie du gène à lécosystème, des régions polaires aux 

masse. Ce constat pose la question de lévolution de la biodiversité face aux changements environnementaux 
en cours. Cest dans ce contexte que sinscrit ce travail de thèse focalisé sur les populations de surface (5 - 
60 m) de corail rouge, Corallium rubrum (Linnaeus, 1758), en Méditerranée Nord-Occidentale. 
Le corail rouge (Octocorallia, Coralliidae) est une espèce sessile à phase larvaire caractérisée par sa 
longévité importante, sa dynamique de population lente et son rôle structurant au sein des communautés 
de substrats durs de Méditerranée. Soumis à une importante pression de récolte, Corallium rubrum
a récemment subi deux évènements de mortalité massive concordant avec des anomalies thermiques 
positives, potentiellement liées au réchauffement climatique. La combinaison de ces deux pressions 
environnementales est donc susceptible daffecter fortement lévolution des populations de surface de cette 
espèce. Basé sur une approche intégrant génétique des populations et écologie de terrain, ce travail a pour 
objectif principal détudier les processus microévolutifs en jeu chez le corail rouge, de linter- à lintra-

le contexte environnemental actuel. 
En préambule, Corallium rubrum et huit autres espèces de gorgonaires ont été replacés au sein de la 
phylogénie des octocoralliaires grâce à deux locus mitochondriaux (ND2-ND6), qui sont aussi évalués 
comme code barre génétique. Basée sur un échantillonnage de 40 populations et 10 locus microsatellites, 

et dune structuration génétique généralisée, respectivement dans et entre les populations de corail rouge. 
Une structuration de type isolement par la distance est mise en évidence au niveau du bassin Méditerranéen 
Nord-Occidental, mais aussi dans deux des trois groupes régionaux étudiés. En parallèle, la répartition de 
la diversité génétique est décrite de léchelle régionale à léchelle populationnelle, soulignant notamment 

proposé pour expliquer ces patterns de structuration et de diversité génétiques. La suite de ce travail porte 
sur limpact de la phase larvaire et du mode de reproduction sur la biologie des populations de corail 
rouge. Grâce à lutilisation de la photogrammétrie et de la génétique des populations, lexistence dune 
structure génétique spatiale et temporelle est démontrée entre 75 colonies réparties sur un demi-mètre 

         
aussi labsence de consanguinité à cette échelle et lexistence dun effet de dérive génétique entre les trois 
classes dâge analysées. Pour clore ce travail, une étude des interactions entre les populations de corail 
rouge et leur environnement est réalisée. Des transplantations réciproques combinées à des comparaisons 
PST-FST suggèrent, dans certains cas, lexistence dune adaptation locale. En parallèle, une expérimentation 
de jardin commun dans un habitat stressant du point de vue thermique, démontre in situ lexistence de 
capacités dacclimatations différentielles entre populations issues de différentes profondeurs. Discutés à 
la lumière des connaissances précédemment acquises sur lécologie et la génétique des populations de 
lespèce, ces résultats autorisent une première description de la dynamique éco-évolutive des populations 
de corail rouge face aux perturbations environnementales dorigine thermique.  
Ce travail de thèse élargit le champ de connaissances relatif à lécologie de Corallium rubrum et fournit 
un ensemble doutils et de données pour sa conservation face aux perturbations environnementales en 


place à des échelles spatiales réduites, pour répondre à des questions fondamentales sur lévolution de ces 
organismes, souvent clés au sein de communautés sous pression.
Mots-clés : Corallium rubrum, biologie de la conservation, microsatellites, équilibre migration-dérive, 
diversité génétique, structure génétique spatiale, unité de reproduction, transplantation réciproque, 
adaptation locale, plasticité phénotypique, dynamique éco-évolutive.
Abstract
Abstract: Anthropic pressures act synergistically from gene to ecosystems and from polar to tropical 
regions, inducing a strong biological loss, which is considered by many as the sixth mass extinction. The 
evolution of biodiversity facing the ongoing global change is thus an open question. 
The present study is focused on the shallow populations (5 - 60 m) of Corallium rubrum (Octocorallia, 
Coralliidae) in the North Western Mediterranean Sea. The red coral is a sessile and long-lived species with 
a larval phase, a slow population dynamics and an important structuring role in the Mediterranean hard 
substrates communities. This species faces a strong harvesting pressure, and recently underwent two mass 
mortality events linked to positive thermal anomalies putatively due to ongoing climate change. These two 
pressures may have deep implications on the evolution of the shallow populations of this species. Using 

processes acting between and within red coral populations, to enhance our knowledge on the biology of this 
species facing the ongoing environmental pressures.  
As a starting point, Corallium rubrum and eight other gorgonians species are positioned in the phylogeny 
of the octocorals, using two mitochondrial markers (ND2-ND6), which were also evaluated as a genetic 
barcode. Based on 40 populations and 10 microsatellite loci, the microevolutionary study begins with the 
         

also within two of the three studied regional clusters. The repartition of the genetic diversity is described 
at the regional and population levels, demonstrating especially the highest diversity of the samples from 

patterns. The following part of this work is focused on the impact of the larval phase and the mode of 
reproduction on the population biology of the red coral. Based on photogrammetry and population genetics, 
a spatial and temporal genetic structure between 75 colonies dwelling on half a square meter is uncovered. 


inbreeding at the studied scale and the occurrence of a small drift effect between the three stage-classes. 

Reciprocal transplant experiments combined with PST-FST comparisons suggest that local adaptation occurs in situ common garden experiment performed in a warm habitat to simulate a 
thermal stress, highlights the differential acclimatization capacities of red coral populations. Discussed in 
the light of our current knowledge on the ecology and population genetics of the species, these results shed 
light on the eco-evolutionary dynamics of the red coral facing environmental disturbances.
This work extends our knowledge concerning the ecology of Corallium rubrum, and provides new tools 
and data for its conservation in the context of the ongoing global change. Moreover, this work improves our 

 concerning the evolution 
of these organisms, which are often key species in threatened communities.
Keywords: Corallium rubrum, conservation biology, microsatellites, migration-drift balance, genetic 
diversity, spatial genetic structure, reproduction unit, reciprocal transplant, local adaptation, phenotypic 
plasticity, eco-evolutionary dynamics.
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Chapitre 1
Introduction générale: 
Biodiversité, biologie évolutive de la 
conservation et présentation du modèle 
corail rouge
Chapitre 1

I - De la biodiversité à la biologie évolutive de la conservation
1) Aspects qualitatifs et quantitatifs de la biodiversité

La 
philosophique que la création artistique. Au delà de ces considérations fondamentales et 
essentielles mais parfois abstraites, elle est un aussi réservoir de biens et de services pour 
lhomme (Reiss et al.-
ment (nourriture, bois), une source de régulation (pollinisation, régulation climatique), 
une source de culture (spirituelle, récréative). Elle est en interaction avec les composantes 
physico-chimiques terrestres (rôle dans le cycle des nutriments, la formation des sols) 

travail sur le corail rouge de ne pas mentionner laspect économique lié à certains de ces 
biens et services naturels. La biodiversité est, en effet, une source potentielle de revenus 
directs (tout ce qui découle des récoltes) ou indirects (éco-tourisme) (Costanza et al.
et al.

   National 
Research Council       

diversité biologique a été proposée par la Convention sur la Diversité Biologique de Rio 
la variabilité des organismes 
vivants de toute origine y compris, entres autres, les écosystèmes terrestres, marins et 
autres écosystèmes aquatiques et les complexes écologiques dont ils font partie ; cela 
comprend la diversité au sein des espèces, entre espèces ainsi que celles des écosys-
tèmes » (http://www.cbd.int/convention/convention.shtml). Je propose de mettre laccent 
sur laspect évolutif inhérent à la diversité biologique en prenant en compte limportance 
des interactions entre ses différentes composantes et en ajoutant une dimension temporelle 
explicite à ce concept. Dans le travail qui suit, la biodiversité regroupe donc lensemble 
des formes de vie sur Terre : des entités biologiques qui les composent (gènes) à celles 
quelles forment (populations, espèces, écosystèmes). Par entités biologiques jentends 

susceptibles dévoluer » (sensu et al.

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écosystèmes ainsi quà leurs interactions avec lenvironnement. Ce concept intègre donc 
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par essence des composantes diverses en interaction (gènes, organismes, populations, 
espèces, communautés, écosystèmes) impliquant différentes échelles spatiales (du local 
au global) et temporelles (passée, actuelle et en devenir), cest un concept à dimensions 
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des critères considérés en priorité (e.g. nombre, répartition ou différence de la compo-
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conservation, lespèce étant probablement la composante la plus intuitive de la diversité 
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menées à partir dextrapolations qui tiennent compte notamment de la relation espèce-
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biosphère. Leur répartition nest pas uniforme et suit globalement un gradient latitudinal 
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pour la biodiversité marine). Plusieurs hypothèses comme lhétérogénéité de lhabitat, le 
niveau dénergie ou la surface disponible ont été émises pour expliquer cet accroissement 
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de lespèce comme unité élémentaire a plusieurs limites. La première découle du nombre 
important de concepts despèces (concept phylogénétique ou biologique despèce pour 
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

et al. 
-
-
cielle des programmes de conservation généralement focalisés sur lespèce (voir Agapow 
et al.

et al.

point en biologie de la conservation). Lensemble de ces remarques ne tient pas compte 
des entités telles que les archae- et eubactéries, les virus ou les éléments transposables 
inclassables à partir de lunité espèce malgré leur appartenance à la diversité biologique 
et 
al.


entités biologiques nécessitant des mesures de protection) que de sa caractérisation (e.g. 

par la suite sur dautres entités biologiques. Le gradient latitudinal est, par exemple, aussi 
observé au niveau des familles (Williams et al.
et al.
1-3) Evolution de la biodiversité et extinctions massives
Cette description instantanée de la biodiversité ne doit pas faire oublier son caractère 
dynamique du point de vue temporel : la biodiversité évolue. Au niveau de la biosphère, 
cette évolution est principalement dépendante des évènements de spéciation et dextinc-
tion (Charles et al. 
été estimée entre un et dix millions dannées. Malgré les variations temporelles de ce 
background extinction rate ») de 1 à 
0,1 extinction par million despèces par an a donc été proposé (Pimm et al.
-

         
nature, lanalyse des données fossiles révèle que ces relations ont été ponctuées par cinq 

au cours des 600 derniers millions dannées (période Phanérozoïque) cest à dire depuis 


rares et caractérisés par un déclin important et rapide de la diversité biologique globale à 
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


ciblage sous-entend que les organismes touchés ne sont pas représentatifs dun échan-

          -
tion est très hétérogène en fonction de lévènement et de léchelle spatiale considérée. 
Au niveau régional par exemple, elle se traduit par des phénomènes de colonisation et 

extinctions un minimum de 10 millions dannées a été nécessaire pour recouvrer des 

Figure 1-1 :
dès 600 millions dannées de léon Phanérozoique. Les différentes périodes de cet éon sont les suivantes 





dannées). Le facteur abiotique et limpact sur la biodiversité sont présentés dans les boites correspondantes 
-

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-
tiques
2-1) Historique de la sixième extinction de masse et impact sur la biodiversité

la normale que lidée dune sixième extinction de masse a été proposée (Leakey & Lewin 

biologique débute il y a 50 à 100 000 ans lorsque les premiers hommes se dispersent sur 
la planète. Elle est suivie par une seconde phase qui commence il y a 10 000 ans avec une 
augmentation de la taille des populations humaines et le développement de lagriculture. 
La chasse aurait par exemple entrainé la disparition des deux tiers de la mégafaune (ayant 


les régions isolées et colonisées tardivement par lhomme. Cette colonisation aurait ainsi 


extinctions suivant le premier contact »). La troisième et dernière phase commence avec 
la révolution industrielle (Avise et al.-
nario plus mesuré). Elle a en effet entrainé une altération de latmosphère, de leau et des 


  

basées sur des données empiriques, des extrapolations à partir de modèles sur le change-

-



et al.
Bien que lévolution à long terme de ce taux dextinction (accélération versus ralentisse-

espèces sont actuellement classées vulnérables, en danger ou en danger critique dextinc-

2-2) Quelques caractéristiques remarquables

de disparition actuel est ainsi plusieurs centaines, voire milliers de fois supérieur au taux 
-
tions de masses précédentes (Stockwell et al.-
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pèces connues, une part importante de ces extinctions concerne donc paradoxalement 
des taxons qui nont pas été décrits. Comme les évènements précédents, cette sixième 
   -
  et al. 
isolé et réduit comme une île et, qui plus est, colonisé tardivement par lhomme semble 
et al.
mais voir Purvis et al.
jouer un rôle dans la potentialité dextinction (Cardillo et al.
disparition dune entité nest pas due au hasard mais bien à des caractéristiques évolutives 
ou écologiques (isolement, aire de répartition réduite, spécialisation écologique) et/ou des 
traits dhistoires de vie compromettants -
tal) souvent partagés par des entités phylogénétiquement proches (e.g. le genre Corallium


nous lavons vu précédemment, la biodiversité est en effet caractérisée par sa dimension 
évolutive. Chaque extinction se traduit donc par la disparition dune lignée évolutive au 
 
forme hiérarchisée induit que les extinctions sélectives, cest à dire de plusieurs entités 
phylogénétiquement proches, entrainent la disparition de clades entiers (branches termi-
nales et internes), là où une extinction au hasard ne ferait disparaître que des branches 
terminales de larbre phylogénétique (Purvis et al.
entendu précédemment, la dernière caractéristique de cette sixième extinction de masse 
est son lien avec lhomme faisant delle probablement la seule extinction de masse induite 
par une perturbation biotique (Avise et al.
directement ou indirectement des activités humaines sont responsables de cette extinction. 
quartet diabolique » surexploitation, introduction de nouvelles espèces, destruction 

-
gement climatique en cours dont limpact sur la biodiversité pourrait croître (Thomas et 
al.
          et al.

homogénéisation biotique globale », cest à dire le remplacement despèces endé-
miques par dautres à large distribution généralement introduites par lhomme (McKinney 

human 
dominated ecosystemset al.
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2-3) Biodiversité marine: une érosion généralisée* 

         

 -
mant ce milieu allant des récifs coralliens aux sources hydrothermales. Selon certaines 
estimations, un quart de la biodiversité marine européenne reste à découvrir (Wilson & 
 


donc sans mitochondrie est un exemple de lextraordinaire richesse biologique du milieu 
marin (Danovaro et al.
Les océans couvrent les trois-quarts de la surface du globe ce qui, jusquà récemment, 
était utilisé pour arguer de la capacité de résistance supérieure de ces écosystèmes face 

anthropique a cependant été démontré des estuaires (Lotze et al.
pélagiques (Worm et al.et al.
écosystèmes côtiers (Jackson et al.et al.

causes sont diverses, quelles proviennent directement (introduction despèces, pollution, 
-

-

-
piques directes (Gattuso et al.-


cycles biogéochimiques ainsi que des courants et une augmentation de la fréquence et de 

* N.B.: Depuis l’écriture de ce texte un numéro spécial de Plos One 5 (8), 2010 rapporte les principaux résultats 
du programme Census of Marine Life actualisant certains chiffre donnés dans ce paragraphe. Voir aussi Titten-
sor et al. 2010 Nature 466 1023-1148.
2-4) Lexemple de la Mer Méditerranée : une grande diversité mais subissant dimpor-
tantes pressions environnementales*2
Le cas de la Mer Méditerranée illustre parfaitement limpact du changement global sur 

-
 
-
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
un assèchement partiel du bassin suivi dune recolonisation par lAtlantique) et par des 
caractéristiques climatiques et hydrologiques singulières qui induisent lexistence dhabi-
et al.
Figure 1-2 :        

et al.


invasions lessepsiennes
les cas du thon rouge (Thunnus thynnus) (MacKenzie et al.     
(Corallium rubrum
le coralligène, lun des habitats les plus riches de Méditerranée regroupant plus de 1600 
espèces, est menacé par laction combinée de la pollution et de la sédimentation (Bal-

(Coll et al.
possibilité dextinctions en cascades (Brook et al.-
lèlement impactée par les changements climatiques en cours qui ont induit une augmen-


Ce dernier point est préoccupant pour une partie importante de la diversité biologique 
méditerranéenne et notamment pour le coralligène et les espèces benthiques de substrat 
dur en général.
*2 N.B.: voir Coll et al. 2010 Plos One 5 (8) pour une mise a jour sur la biodiversité marine Méditérranéene 
découlant du programme Census of Marine Life.
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2-5) Impact du changement global en Méditerranée : les évènements de mortalité mas-
sive

et al.-
ranée (Lejeusne et al.
lien avec une anomalie positive du régime thermique, laire géographique concernée et 
le nombre despèces impactées. Malgré des différences dans les régimes thermiques se 



et al.
et al.
plusieurs milliers de kilomètres de côtes du bassin Nord-Occidental allant des Baléares 
et 
al.  et al.     
benthiques ont été touchées. Ces espèces sont notamment des spongiaires et des gorgo-

communautés de substrats durs et du coralligène, lune des communautés les plus riche 
        
par une nécrose totale ou partielle des tissus entrainant donc des pertes importantes de 

directement par la température suite à un disfonctionnement métabolique (Torrents et 
al.  -
ture pendant la période estivale (Coma et al.-
-
dante sur des colonies de Paramuricea clavata nécrosées (Vibrio coralliilyticus Bally & 
    


niveau populationnel, les mortalités massives ayant touché différentes populations dune 
et al.et al.
compte du fait que la plupart des espèces impactées, et notamment les gorgonaires, sont 
des espèces longévives à dynamiques de populations lentes (e.g. Paramuricea clavata, 
Corallium rubrum Linares et al.-
rations modérées à court terme, ces évènements de mortalité massive et leur possible 

sur le futur de ces communautés benthiques (Garrabou et al.
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a)
b)
Figure 1-3 :
   -
thiques a été impactée : les gorgonaires, comme Paramuricea clavata (à gauche, les axes blancs corres-
pondent à des colonies mortes), et les spongiaires, comme (en haut à droite, la nécrose 
correspond aux parties marrons claires) ou (en bas à droite, la nécrose correspond à la 
partie blanche), ont été les principales victimes de ces mortalités.
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Chapitre 1

            
conservation pour faire face aux changements globaux
3-1) Biologie de la conservation et évolution contemporaine


interdisciplinaire et intègre donc des techniques et des méthodes appartenant à de nom-
breuses disciplines (physiologie, sciences sociales, biologie des populations, biogéogra-
discipline de crise », le but de la biologie de 

biologique -

une force évolutive majeure qui, au delà des extinctions brutales, entraine dans certains 
-
taux de lévolution biologique correspondent à des changements de fréquence génétique 
au sein des populations suite aux interactions entre les organismes et leur environne-
ment (Guinand et al.

la taille du corps, de la taille et de la forme du bec chez deux espèces de pinsons (Geos-
piza fortis et Geospiza scandens
par exemple, été liées aux effets des altérations climatiques (i.e. sécheresse intense) sur 
évolution contemporaine » 
(Stockwell et al.

« natural selec-
tion will always act very slowly, often only at long intervals of time, and generally on only 
a very few of the inhabitants of the same region at the same time » et nous questionnent 
sur le rôle de ce phénomène dans le devenir de la biodiversité.
3-2) Vers une biologie évolutive de la conservation: composante génétique et dyna-
mique éco-évolutive 
-
tance majeure dans la résilience des écosystèmes soumis à des perturbations et ce, sur une 
et al.
est la corrélation positive existant entre la diversité génétique à lintérieur des popula-
Oenothera 
bienniset al.

dynamique éco-évolutive et al.boucle de rétroaction 
environnementale et al.
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Figure 1-4 :
le contexte des changements environnementaux nécessite notamment dévaluer les capacités dadaptation 
du vivant. La boucle de rétroaction environnementale (B) modélise les interactions entre population et 
-

changements globaux dorigine anthropique (A) sur cette boucle de rétroaction et leur intégration en temps 
que force évolutive majeure sont indispensables pour une biologie évolutive de la conservation (daprès 
et al.et al.et al.et al.et al.
La boucle de rétroaction environnementale place lentité population et ses interactions 
avec le milieu au centre du raisonnement de conservation. Une population dorganismes 
agit directement sur son environnement en fonction de ses caractéristiques propres (den-
sité, diversité génétique et phénotypique). Cette action va faire évoluer lenvironnement 


population considérée. Laction du rétrocontrôle environnemental se traduit par exemple 
par des variations du taux de croissance, de fécondité ou de mortalité des organismes 

          
létude des interactions entre phénomènes écologiques et évolutifs à léchelle popula-

biodiversité, menées principalement au niveau de lespèce, et avec les théories sur les 
phénomènes dextinction généralement focalisées sur des assemblages despèces. Elle 
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 

dans le cas des populations ayant subi une réduction de taille importante a, depuis, été 
reconsidéré (Spielman et al.et al.
 ») suite à la 

une dépression de consanguinité se traduisant par une diminution de la valeur sélective 

populations saccompagne dune forte dérive génétique et donc dune perte de diversité. 
Les potentialités évolutives de lentité considérée étant liées à son niveau de variabilité 
génétique, une population de petite taille aura donc moins de chance de sadapter face à 
et al.
et al.-
tive est ainsi de plus en plus généralisée à la fois pour la gestion de la crise de biodiversité 
(Crandall et al.
et al.et al.
I - De la biodiversité à la biologie évolutive de la conservation
15
Introduction générale
Le nombre moyen de populations par espèces animales est estimé à 220. Considérant un 
nombre total despèces de 7 millions, il y aurait donc 1,5 milliards dentités populations 
sur Terre, ce qui représente une richesse biologique et un réseau dinteractions prodi-
gieux. Sur ce milliard et demi de populations, plusieurs millions, représentant entièrement 
ou non une entité espèce, disparaitraient chaque année (daprès Hughes et al. 1997). 
Dans le contexte de la dynamique éco-évolutive, ces estimations soulignent limpact pro-
fond et la perte phénoménale associés à lextinction de masse en cours. Ces chiffres ren-
forcent, si besoin est, le caractère indispensable dune action de conservation intégrée 
et à la mesure de cet enjeu. Cest dans cette perspective que ce situe ce travail de thèse. 
Il est focalisé sur létude de limpact des changements globaux en Mer Méditerranée et 
plus particulièrement sur létude des évènements de mortalité massive ayant touché les 
espèces des communautés de substrat dur. La mise en perspective de ces évènements 
avec laugmentation de 3,1°C de la température de surface dici 2099 suggérée par cer-
tains auteurs (Somot et al. 2006) et donc laugmentation de la fréquence des évènements 
thermiques extrêmes comme ceux de 1999 et 2003 (IPCC 2007), pose sans ambigüité la 
question du futur de ces communautés. Ce travail de thèse, intégré dans un programme 
de recherche multidisciplinaire (ANR-Medchange, 2006-2008), sattache à létude dune 
partie processus microévolutifs en jeux chez Corallium rubrum, une espèce emblématique 
de Méditerranée récoltée depuis lAntiquité et dont les populations de surface ont subi de 
plein fouet les évènements de mortalité massive probablement liés au changement clima-
tique (Garrabou et al. 2001).
Chapitre 1
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II - Le corail rouge, Corallium rubrum, un modèle atypique en biologie 
de la conservation
1) Des octocoralliaires aux Corallidae
Les octocoralliaires (Cnidaria, Anthozoa) sont des organismes coloniaux modulaires, 
-
dant une exception, Taiaroa tauhou
module ou unité fonctionnelle chez ces organismes correspond au polype qui réalise len-
semble des fonctions physiologiques (alimentation, reproduction, excrétion) (Sanchez & 

mésentères de ces polypes constituent une synapomorphie diagnostique de ce groupe 
(Daly et al.
le gène msh1
soit robuste, les relations phylogénétiques à lintérieur de ce groupe sont toujours problé-

 La famille des Coralliidae à laquelle appartient Corallium rubrum  (Linné, 1758) modèle 
biologique principal de ce travail, ne fait pas exception. Cette famille regrouperait trois 
 Paracorallium (Bayer 
Pleurocoralloïdes Corallium -
tenance du genre Pleurocoralloïdes 
nayant jamais été testée au niveau moléculaire, je ne me focaliserai que sur les deux 
genres restant pour la suite de cette discussion. Le genre Paracorallium regrouperait 7 
Corallium 

1-1). Ces espèces sont trouvées dans la plupart des mers du globe, des régions tempérées 
  Corallium rubrum qui peut sobserver près de la sur-
face, toutes ces espèces se rencontrent principalement à partir dune centaine de mètres 
de profondeur et jusquà plus de 1500m. La distribution de ces espèces doit cependant 
-
vation despèces dans de nouvelles régions (e.g. Corallium niobe et Corallium tricolore
et al.Corallium 
rubrumet al.-


C. secundum ou blanc pour C. konojoi

usage en bijouterie. 
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Tableau 1-1 : Espèces de la famille des Coralliidae. Le tableau présente pour chaque espèce locéan ou 
la région ainsi que la profondeur où elle a été décrite. Les espèces en gras sont les espèces à valeur com-


2) Le corail rouge, Corallium rubrum (Linnaeus, 1758)
2-1) Corallium rubrum : du « lithodendron » à la « petite Ortie ou Poulpe »
Ces espèces sont généralement mal connues, exception faite, dans une certaine mesure, 
de Corallium rubrum 

pouvoirs magiques, cet organisme a donc intrigué de nombreuses générations de natu-
lithodendron » (i.e. arbre 
ème siècle 
          
Espèces Répartition Profondeur (m) Citation
C. abyssale  
C. borneense  
C. ducale  
C. elatius   
C. halmaheirense  
C. imperiale  600 
C. inutile*   
C. japonicum*  80-450 
C. johnsoni Atlantique  Gray 1860
C. kishinouyei  
C. konjoi  50-400 
C. lauuense / (C. 
regale)   
C. maderense Atlantique  
C. medea Atlantique     
C. niobe Atlantique  
C. nix*   
C. reginae  
C. rubrum Méditerranée / Atlantique 5-800 Linnaeus 1758
C. salomonense*   
C. secundum   Dana 1846
C. stylasteroides*   
C. sulcatum  
C. thrinax*   
C. tortuosum*   
C. tricolor Atlantique  
C. sp. nov.  700-1500 
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observé louverture des polypes dans un récipient contenant une branche de corail vivante 
         -


lépoque : 

semblable à une petite Ortie ou Poulpe. Javais le plaisir de voir remuer les pattes, ou 
pieds, de cette Ortie, et ayant mis le vase plein deau ou le corail était à une douce 
chaleur auprès du feu, tous les petits insectes sépanouirent. LOrtie sortie étend les 


cellule.


2-2) Quelques éléments décologie générale, danatomie et dhistologie 
-
 
tubes à la base du polype qui forment une saillie permanente dans le coenenchyme, sont 

cabestan » sont à symétrie radiale unique-
) cristallisé sous forme de 
calcite magnésienne (Mateu et al. et al.


lappartenance du corail rouge à cette communauté parmi les plus riches de Méditerra-
née est âprement discutée. Cest un organisme sciaphile qui, dans la zone bathymétrique 

entrées de grottes, les cavités, les surplombs et les tombants principalement dominés par 
Corallium rubrum se rencontre 
principalement dans le bassin Occidental de la Méditerranée mais a aussi été décrit dans 
sa partie Orientale et sur la côte Atlantique (Zibrowius et al.et al.
-
son du reste des Coralliidae puisquil a été observé de 5 à 800 m de profondeur (Costan-
tini et al.
II - Le corail rouge, Corallium rubrum, un modèle atypique
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a) b)
c)
d)
Figure 1-5 : Le corail rouge, Corallium rubrum (Linnaeus, 1758) : a) sclérites à symétrie radiale isolés de 
la mésoglée, la barre déchelle équivaut à 50 µm (daprès Grillo et al.-
nale dune branche permettant dobserver les anthostèles et les polypes à lextrémité desquels on distingue 
      

Marseille. 
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Figure 1-6 : Aire de répartition du corail rouge (daprès Zibrowius et al.et al.

Cest Lacaze-Duthier (1864) qui initia les études anatomiques et histologiques sur cette 
espèce dont les résultats furent précisés un peu plus dun siècle plus tard (Grillo et al.


bouche et les tentacules. Cette partie regroupant bouche et tentacules est appelée antho-
codia. Les polypes sont inclus dans le coenenchyme ou cortex comprenant notamment 
            
        
embryonnaire et sont séparés par une mésoglée. La mésoglée est une épaisseur de col-
lagène dans laquelle on trouve des sclérites libres sécrétés par les scléroblastes présents 
dans sa portion supérieure (en contact avec lépiderme). Elle est aussi traversée par un 
lacis de petits canaux ou solenia dorigine endodermique et dont la fonction est encore 
mal connue. Ces petits canaux communiquent avec des canaux gastrovasculaires plus 
importants et circulant parallèlement à laxe squelettique pour déboucher dans les cavités 
-


rôle clé dans la squelettogenèse. 
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Figure 1-7 : Anatomie dune colonie de corail rouge (daprès Galway et al.
Solenium et canaux gastrovasculaires sont insérés dans la mésoglée.
2-3) Description du processus de squelettogenèse et méthode de détermination de lâge
Chez le corail rouge, la squelettogenèse est un processus complexe qui se déroule en 
deux étapes (Grillo et al.
et cémentés à lapex des branches pour former le cur de laxe et permettre ainsi la 
croissance en hauteur des colonies. La croissance en diamètre de laxe se déroule lors 
dune seconde phase et serait due à une activité sécrétrice de lépithélium axial. Laxe du 
corail rouge est formé de calcite magnésienne mais aussi dune matrice organique. Cette 
matrice organique composée principalement de glycosaminoglycanes (GAG) et de pro-
et al.-
et al.


et al.
processus de biominéralisation est toujours peu clair. Cvejic et al.
       
cette pigmentation est toujours débattue (voir Cvejic et al.
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-
tion du corail ont en effet été isolés au sein de cette matrice. Dautre part, la découverte de 
stries de croissance annuelle à lintérieur de cette matrice a entrainé la mise au point dune 
méthode destimation de lâge permettant une avancée importante dans la connaissance 
de la biologie du corail rouge. Lexistence de ces stries de croissances avait été décrite 

a notamment entrainé une réévaluation du taux de croissance et de lâge de la maturité 
sexuelle de cette espèce (Marschal et al.
2-4) Un organisme sessile et longévif caractérisé par une dynamique de population 
lente
Comme le reste des octocorallaires, le corail rouge est une espèce benthique suspensivore 
passive qui se nourrit de particules organiques détritiques en suspension, de copépodes, 
dufs dinvertébrés, de phytoplancton (Tsounis et al.
-
et al.
et al.
précédemment (Marschal et al.
et al.et al.
-
nisme dont les colonies peuvent atteindre 5 cm de diamètre (soit plusieurs centaines dan-
nées Joaquim Garrabou com. pers.) mais aussi et surtout de lâge de la maturité sexuelle 
(7 à 10 ans en moyenne pour Torrents et al.et al.

in situ a 
montré que la formation de nouvelles branches sur une colonie existante est très rare avec 



biologie de la reproduction est présentée en détail dans le chapitre 4. Soulignons malgré 
tout quau delà dune maturité sexuelle tardive, le corail rouge est une espèce gonocho-

et al.



sont souvent agglomérées dans lespace dans ce que je désignerai par site ou population 
dans la suite de ce travail (voir Chapitre 4). 
II - Le corail rouge, Corallium rubrum, un modèle atypique

Introduction générale
Figure 1-8 : Représentation du cycle de vie du corail rouge à partir des illustrations de Lacaze-Duthiers 
(1864) qui fut lun des initiateurs des travaux sur la biologie de cette espèce. Le corail rouge est une espèce 
gonochorique qui possède une larve de type planula (Oriol Torrents com. pers. pour lensemble du travail 
graphique).
Chapitre 1

Les modalités de recrutement chez cette espèce sont variables dun site à lautre (Bra-
manti et al.
lautre (Garrabou et al.   
de 5 à 10 colonies / an / dm (Bramanti et al.
résultant notamment de la compétition pour lespace avec les autres organismes sessiles 
-
  

de vie et notamment la survie importante des colonies adultes, le recrutement aléatoire 

et al.-
naires méditerranéens, suivait une stratégie de compromis ou de répartition des risques 
bet-hedging »). Lorsque le recrutement est aléatoire, cette stratégie prédit un compro-
  trade-off ») entre la durée pendant laquelle les organismes sont capables de se 

3) La corail rouge face au changement global : coraillage et évènements de mortalité 
massive
3-1) Coraillage et impact sur la structure de taille du corail rouge
Je viens donc de rappeler que le corail rouge est une espèce méditerranéenne, longévive, 
caractérisée par une croissance lente, un recrutement globalement bas et une capacité de 
dispersion donc de recolonisation potentiellement faible. Se pose maintenant la ques-
tion de ses interactions avec le milieu environnant. De par sa structure tridimensionnelle 
souvent complexe, Corallium rubrum joue un rôle structurant important au sein de com-
 
Corallium 
rubrum connait peu de prédateurs hormis quelques espèces déponges perforantes notam-
ment de la famille des Clionaidae connues pour sattaquer à son squelette (Calcinai et al.
et al.Pseudosimnia carnea 

La pression induite par une récolte intensive notamment pour un usage en bijouterie était 
donc, jusquà peu, la source de perturbation majeure pour cet organisme. La production 



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II - Le corail rouge, Corallium rubrum, un modèle atypique
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  
représentative des colonies de surface actuelles et est âgée dune vingtaine dannées. Celle de droite, dont 
lâge est indéterminé, est représentative des colonies telles que lon devait les trouver lorsque la pression 

colonies de la réserve naturelle de Scandola sest nécrosé (photo de gauche). La photo de droite montre la 

importante associée à ces évènements.
3-2) Impact des évènements de mortalité massive sur le corail rouge


de corail rouge de Méditerranée Nord-Occidentale entre 5 et 40 m de profondeur. Chez le 
corail rouge, ces évènements potentiellement liés à des anomalies thermiques (Romano et 
al.et al.

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
et al.
-
bou et al.

et al.
mieux cerner le rôle de la température dans les mortalités de corail rouge, des expérimen-
-


notamment en fonction de la profondeur de lhabitat dorigine. Les colonies venant dun 
site situé à 40m de profondeur sont apparues moins thermorésistantes que les colonies 
et al.
de nombreuses questions autours de ces évènements restent encore sans réponse, on peut 
dire que la perte de tissu et les mortalités engendrées ont, tout comme le coraillage, un 
impact à la fois sur la croissance et sur la reproduction des colonies et donc sur le devenir 
des populations de surface de corail rouge (Garrabou et al.
Figure 1-10 :-
nies de corail rouge de la région de Marseille. Les fréquences de colonies partiellement ou totalement 
et al.
3-3) Conséquences potentielles de ces pressions environnementales sur les populations 
de surface : dynamique de populations et modélisation


de ces populations et de tester limpact de différents scenarios environnementaux sur leur 
maintien (Santangelo et al.et al.et al.
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travaux, Santangelo et al.et al.
 et al.
probablement les taux de renouvellement des populations. Malgré cela, ces travaux sac-
cordent sur la vulnérabilité actuelle des populations de surface face à laction combinée 
des deux perturbations. Le potentiel reproducteur des organismes modulaires est, en effet, 


grande taille semblait supportable dans une certaine mesure, elle devient trop importante 
pour que les populations se maintiennent lorsque les mortalités massives sont prises en 
compte (Santangelo et al.et al.-
turbations pose donc la question de la conservation des sites de surface de corail rouge en 
de nouveaux termes. 
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III  Problématique, objectifs et organisation de la thèse
Comme pour de nombreuses espèces benthiques, lexistence dune phase larvaire dans le 
cycle de vie du corail rouge induit la persistance de zones dombres dans son écologie. 
En effet, malgré la littérature très riche portant sur sa démographie ou certains de ses 
traits dhistoire de vie, de nombreux mécanismes biologiques en jeu, aussi bien entre, 

lexistence dune phase larvaire de courte durée, les capacités de dispersion et donc le 
potentiel de recolonisation de cette espèce sont méconnus. Dautre part, la répartition de 
la diversité génétique est mal cernée et le type dinteraction entre ces organismes et leur 
environnement reste totalement inexplorés et ce, malgré leur importance face aux chan-
gements environnementaux en cours. Le développement dune approche de génétique 

-
lations ou encore destimer certains paramètres biologiques (dispersion, recrutement). 
et al.
ont été menées sur le corail rouge. Lensemble de ces études étant présenté en introduc-

marqueurs allozymiques, Abbiati et al.



échantillons testés alors que léchelle différenciation génétique a été réduite à une dizaine 
de mètre grâce à lutilisation de marqueurs microsatellites (Costantini et al.
Ces résultats ont notamment permis de suggérer une certaine hétérogénéité génétique et 

   -
sances fondamentales sur la biologie de Corallium rubrum et, dautre part, de préciser les 
implications évolutives des changements environnementaux actuels sur les populations 
de cette espèce. Ce travail de thèse est donc focalisé sur la caractérisation des processus 
microévolutifs en jeux chez le corail rouge à différentes échelles géographiques, et cible 
-
lations de surface dans la suite de ce manuscrit) soumises à la fois à une forte pression de 

ce contexte environnemental, jai volontairement choisi de laborder sous langle de la 
biologie de la conservation tout en développant une approche intégrant génétique des 
populations (focalisée a priori sur le polymorphisme neutre) et écologie de terrain (expé-
rimentations in situ). Trois questions majeures ont ainsi été abordées et font, chacune, 
lobjet dun chapitre particulier : 
Chapitre 1

1. Quels sont les patterns de structuration et de répartition de la diversité géné-
tique au sein des populations de surface de Corallium rubrum  


de gènes associé, je cartographie la diversité génétique neutre à léchelle du bassin 
Méditerranéen Nord-Occidental et propose un scénario concernant lhistoire évolu-

2. Corallium rubrum et quels sont les 
impacts respectifs de la phase larvaire et du mode de reproduction sur son 
 Ce quatrième chapitre porte sur la caractérisation des processus 
microévolutifs dans les populations de corail rouge avec une attention particulière 


3. Quels sont les liens existants entre les populations de Corallium rubrum et leur 

 Dans ce cinquième chapitre, jétudie 
les interactions génotype-environnement au sein de populations dans leur habitat 
dorigine et dans un environnement stressant du point de vue thermique, ce qui 
          
dans le contexte des changements environnementaux en cours.
En prologue de cette problématique, mon travail a consisté, dans un premier temps, à 
développer et mettre en place une utilisation en routine de différents types de marqueurs 
moléculaires (nucléaires et mitochondriaux) chez le corail rouge et dautres espèces de 
 
mitochondriaux à la conservation des octocorallaires. Ce travail développé dans un cadre 
« De la phylogénie au barcoding : Don-
nées mitochondriales et conservation des octocoralliaires » et est divisé en deux parties. 
Dans la première partie de ce chapitre, je replace le corail rouge et huit autres espèces de 
gorgonaires méditerranéens ou appartenant au genre Corallium à lintérieur de la phy-
logénie de cette sous-classe. Dans la seconde partie, jévalue lutilisation de deux mar-
queurs mitochondriaux en tant que système de code barre pour ces organismes. Considé-
rant le faible niveau de variabilité observé pour lADN mitochondrial, limplication de 
ces résultats pour la conservation de ces espèces est discutée. 
La problématique microévolutive à proprement parler débute avec le troisième chapitre 
intitulé «Structuration et diversité génétique des populations de surface de corail rouge 
à léchelle de la Méditerranée Nord-Occidentale » qui a fait lobjet dune publication 
dans Molecular Ecology (Annexe 4). Ce chapitre est focalisé sur la description de la 
structure génétique de populations de surface échantillonnées entre 14 et 60 m de profon-
III – Problématique, objectifs et organisation de la thèse

Introduction générale

chapitre intitulé « Structure génétique à petite échelle géographique et inférences sur 
la biologie des populations du corail rouge », accepté dans Molecular Ecology (Annexe 
5), est centré sur la caractérisation des processus biologiques en jeux à lintérieur dun 
  « Acclimatation différentielle et 
adaptation locale chez Corallium rubrum, une espèce sessile et longévive subissant les 
changements climatiques»  -
ronnement chez le corail rouge tout en poursuivant la caractérisation des réponses diffé-
rentielles observées lors dun stress thermique. 
En se focalisant ainsi sur les processus microévolutifs en jeu à différentes échelles spatio-

la biologie de Corallium rubrum, et donc de limpact des changements environnemen-

la production dun ensemble doutils et de données indispensables pour la gestion des 

la compréhension de la biologie et des mécanismes évolutifs chez les organismes marins 
sessiles et longévifs possédant une phase larvaire.
Chapitre 1

Chapitre 2
De la phylogénie au barcoding:
Données mitochondriales et 
conservation des octocoralliaires
« Où il est question d’octocoralliaires et donc d’une part méconnue de la biodiversité marine, 
de phylogénie moléculaire et de remise en cause de la classication usuelle, de code barre 
génétique au sens large, d’évolution moléculaire atypique du génome mitochondrial et d’un 
gène de réparation de l’ADN, mais aussi de biologie de la conservation, de concept d’espèce 
et d’unité évolutivement signicative. »
Chapitre 2

Les analyses phylogénétiques permettent dappréhender la diversité biologique. Elles ont 
en effet pour objet de reconstruire les relations dapparentement entre taxons, donc de 
révéler leur histoire évolutive, mais aussi détudier les processus sous-jacents (Philippe 
-

de caractères dérivés partagés ou synapomorphie). Malgré lexistence de désaccords fon-
-
logénie permet un classement rationnel de la diversité biologique. 
Reposant à lorigine sur lutilisation de caractères morphologiques, létude des relations 
dapparentement entre taxons a progressé avec, dans un premier temps, lessor de la réac-
polymerase chain reaction » PCR) et plus récemment, 
celui de la génomique. Cette phylogénie dite moléculaire utilise donc le polymorphisme 
de séquence pour retracer lhistoire évolutive des taxons. Découlant directement de la 
        
rapides des espèces à partir de leur séquence ADN à un locus précis (généralement celui 
de la cytochrome oxydase 1 CO1 situé dans le génome mitochondrial), se sont dévelop-
barcodinget al.

Dans une perspective de biologie de la conservation, la phylogénie moléculaire est une 


-
rés. Elle a, en outre, des applications directes pour la gestion de la biodiversité. Puisquil 
est illusoire de vouloir tout protéger, la question fondamentale est de savoir comment 


barco-
ding-
nage despèces ayant une valeur commerciale directe (Dawney et al.
Les études de phylogénie moléculaire chez les octocoralliaires et donc la connaissance 
de ces organismes sont relativement limitées en comparaison de ce qui a pu se faire sur 
dautres groupes de métazoaires. Deux facteurs ont probablement contribué à ralentir 
le développement de la phylogénie moléculaire chez ces organismes: 1) cette classe est 

nétant pas le seul marqueur moléculaire utilisable en phylogénie, le génome mitochon-


méthodes phylogénétiques dans une optique de conservation, ces deux facteurs :
1. soulignent la nécessité de compléter la phylogénie existante, 
imposent lévaluation au cas par cas du niveau de polymorphisme des marqueurs 

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mitochondriaux, 
remettent potentiellement en cause lapplication directe des méthodes de barcoding,
4. questionnent la validité des notions dESU chez les octocoralliaires.
-
     
discutée brièvement en conclusion de ce chapitre. 
Chapitre 2

I - Phylogénie moléculaire des octocoralliaires à partir des marqueurs 
mitochondriaux ND2 et ND6
1) Introduction
La phylogénie des métazoaires reste partiellement irrésolue et notamment pour les orga-
nismes peu ou pas étudiés tels que les octocoralliaires, ce qui peut donc savérer pro-
blématique pour leur conservation (Bickford et al.-
liaires, regroupe des organismes coloniaux dont les polypes (unité fonctionnelle) pré-
sentent huit tentacules généralement pennés (Daly et al.
taxonomique rapporté en écologie (Bonnet et al.

partielle des relations entre les taxons de la sous-classe des octocoralliaires. Tout dabord, 
le manque de caractères morphologiques informatifs, le fort niveau dhomoplasie entre 
 
et al.
et al.


surface des mers aux habitats profonds et des tropiques aux pôles) constituent cette classe 
(Daly et al.-
ration sous-marine à partir de la seconde moitié du XXème siècle a permis la découverte 
-

à décrire, un échantillonnage exhaustif au niveau générique semble donc relativement 
irréaliste. Les espèces méditerranéennes nont ainsi jamais été prises en compte dans les 
         
(Berntson et al. et al. 
ème
internal 
transcribed spacer » ITS) de ces organismes ont compliqué la tâche des phylogénéticiens 
moléculaires (voir ci-dessous). Malgré tout, lapproche moléculaire basée sur lanalyse 
de marqueurs nucléaires (ARNr 18S Berntson et al.ND2 
msh1et al.ARNr 18S et ARNr 16S San-
chez et al.
   
des Octocoralliaires (Berntson et al.   

principaux (Holaxonia-Alcyoniina  Calcaxonia-Pennatulacea et Anthomastus-Coral-
I - Phylogénie moléculaire des octocoralliaires

De la phylogénie au barcoding
lium). Parallèlement aux travaux utilisant ces deux types de marqueurs, des phylogénies 
ont été reconstruites à partir des ITS-
et al.
dévolution de ces locus multi-copies (absence dévolution concertée) et donc leur utilité 
en tant que marqueur moléculaire chez les anthozoaires sont toujours sujets à discussion 
et al.et al. soumis). De plus, cette 
catégorie de phylogénies basée sur les ITS
ne sera donc pas considérée dans la suite de ce chapitre. 
Lobjectif principal de cette première partie est donc de placer le corail rouge, Corallium 
rubrum, modèle biologique de cette thèse au sein de la phylogénie des octocoralliaires. 
Nous avons parallèlement cherché à accroître les connaissances phylogénétiques chez 
Corallium et 5 espèces méditerranéennes 
ayant des aires de répartition ou des habitats proches de ceux du corail rouge. Les rela-

gènes ont ainsi été reconstruites à laide de deux marqueurs mitochondriaux concaténés 
(ND2 et ND6-
den et al. 
Figure 2-1: Comparaison du nombre de séquences nucléotidiques recensées par GenBank pour différents 

ces classes (Mus, Drosophila et Corallium) et une espèce appartenant à chacun des trois genres (Mus mus-
culus, Drosophila melanogaster, Corallium rubrum)
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a)           b)
c)                                d)
e)
Figure 2-2: Corallium rubrum (Linné 1758) (a), Paramuricea clavata Eunicella verru-
cosa  (Pallas 1766) (c), Eunicella singularis Eunicella cavolini (Koch 1887) (e) dans 
leur milieu naturel.
2) Matériel et méthodes
2-1) Echantillonnage

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espèces ont été échantillonnées lors de collectes menées par le laboratoire ou grâce à deux 
-

Paramuricea
décrites en Méditerranée (Paramuricea clavata  Paramuricea macros-
pina   cette dernière a été échantillonnée par David Diaz de luniversité 
de Barcelone, Espagne), le genre Eunicella Eunicella verrucosa (Pallas 
1766), Eunicella cavolini (Koch 1887) et Eunicella singularis   
recensées (+  (Studer 1878)) auxquelles sajoute lunique espèce du 
genre Corallium présente en Méditerranée (Corallium rubrum
       Corallium inféodées au milieu 
Corallium niobe, Corallium regale et Corallium sp.) 




LADN génomique total a été extrait à partir de 5 à 10 polypes ou de petits morceaux 
          
protéinase K/SDS standard suivie dune extraction phénol-chloroforme-alcool isoamy-
et al.-
   
ND2
ND6). Les paires damorces pour ces locus ont été dessinées par 
et al.
Figure 2-3:
locus ND2 et ND6 utilisés dans cette étude. Les régions noircies correspondent à des espaceurs intergé-

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




Ta 
ND2ND6





2-3) Analyse des données de séquence
Les séquences nucléotidiques de chacun des marqueurs ont été traduites en acides ami-


comme des caractères manquants et les zones ambigües supprimées. Les séquences des 
deux marqueurs (ND2 et ND6) ont ensuite été concaténées. Les analyses phylogénétiques 
ont été effectuées en utilisant la méthode de maximum de vraisemblance (ML) implé-

phyml/). La robustesse des nuds a été évaluée par bootstrap (rééchantillonnage avec 
remise), avec 1000 pseudoréplicats. Le modèle dévolution des séquences expliquant le 

      http://darwin.uvigo.es/software/jmo-
deltest.html-
 Briareum 
asbestinum est donc utilisé pour raciner la phylogénie conformément à sa position dans 
la phylogénie de Berntson et al.ARN18S et racinée sur diffé-
rents groupes externes (Porifères, Cténophores, Placozoaires et Cnidaires). 
3) Résultats

Pour le locus ND2-
  Corallium présentant une séquence de taille légèrement 
EunicellaPara-
muricea
du gène de la sous unité 16S de lARN ribosomique. En ce qui concerne le locus ND6, 
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
Eunicella et Paramuricea
pb) qui nest pas présente chez les Corallium
3-2) Jeux de données pour la phylogénie



explique que la taille des marqueurs ait été réduite pour lanalyse phylogénétique par rap-
port à ce que nous avions obtenu par PCR.
Les séquences de ND2 et ND6   
de cette thèse qui sajoutent ainsi aux 58 espèces déjà présentes dans les banques abou-




3-3) Analyses phylogénétiques
Des sous-ordres aux genres
Le modèle dévolution de séquence utilisé pour la reconstruction phylogénétique à partir 
du marqueur ND2-ND6

lnL-
    
                
taxons appartenant aux sous-ordres des Alcyoniina (e.g. Alcyonium glomeratum) et des 

discutée. Au niveau des familles, Gorgoniidae et Plexauridae sont polyphylétiques. Seule 
la famille des Xenidae représentée par deux taxons (Xenia sp. et Asterospicularia ran-
dalli) est soutenue avec une valeur de bootstrap égale à 100. La famille des Alcyoniidae 

peu soutenus ce qui ne permet pas de tirer une conclusion claire sur la position relative 
des genres composant cette famille (Alcyonium, Cladiella, Klyxum, Sarcophyton, Lobo-
phytum, Sinularia). Concernant les trois sous-familles analysées appartenant au clade 
1, Alcyoniinae et Plexauriinae sont paraphylétiques alors que la sous-famille des Ste-

Keratoisidinae sp. et Acanella eburnea) appartenant 



Chapitre 2

deux familles : Coralliidae et Paragorgiidae. Lautre taxon représentant de ce sous-ordre, 
Briareum asbestinum (famille des Briaeridae), racine la phylogénie. Ainsi parmi les neuf 
-
didae et Xenidae) et une sous-famille (Stenogorginae) sont donc monophylétiques. 
Tableau 2-1: Liste des 67 espèces utilisées pour reconstruire la phylogénie des Octocoralliaires. Le nombre 

            
séquences disponibles dans les banques apparaissent en gras (Accession Genbank : numéros daccession 

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Ordre  Sous-Ordre  

 Accession Genbank
Acanella eburnea Alcyonacea Calcaxonia   NC011016
Alaskagorgia sp. Alcyonacea  Plexauridae Plexaurinae 
Alcyonium coralloides Alcyonacea Alcyoniina Alcyoniidae Alcyoniinae 
Alcyonium digitatum Alcyonacea Alcyoniina Alcyoniidae Alcyoniinae 
Alcyonium glomeratum Alcyonacea Alcyoniina Alcyoniidae Alcyoniinae 
Alcyonium rudyi Alcyonacea Alcyoniina Alcyoniidae Alcyoniinae 
Alcyonium sp. Alcyonacea Alcyoniina Alcyoniidae Alcyoniinae 
Alcyonium variabile Alcyonacea Alcyoniina Alcyoniidae Alcyoniinae 
Asterospicularia 
randalli Alcyonacea Alcyoniina Xeniidae  
Briareum asbestinum Alcyonacea Scleraxonia Briaeridae  
Cladiella sp. Alcyonacea Alcyoniina Alcyoniidae  
Corallium kishinouyei Alcyonacea Scleraxonia Coralliidae  
Corallium niobe Alcyonacea Scleraxonia Coralliidae  
Corallium regale Alcyonacea Scleraxonia Coralliidae  
Corallium rubrum Alcyonacea Scleraxonia Coralliidae  
Corallium secundum Alcyonacea Scleraxonia Coralliidae  
Corallium sp. Alcyonacea Scleraxonia Coralliidae  
Dendronephthya 
gigantea Alcyonacea Alcyoniina Nephteidae  
Eunicea fusca Alcyonacea  Plexauridae Plexaurinae 
Eunicea knighti Alcyonacea  Plexauridae Plexaurinae 
Eunicea sp. Alcyonacea  Plexauridae Plexaurinae 
Eunicea tourneforti Alcyonacea  Plexauridae Plexaurinae 
Eunicella cavolini Alcyonacea Holaxonia Gorgoniidae  
Eunicella singularis Alcyonacea Holaxonia Gorgoniidae  
Eunicella verrucosa Alcyonacea Holaxonia Gorgoniidae  
 Alcyonacea  Gorgoniidae  
Gorgonia mariae Alcyonacea  Gorgoniidae  
Gorgonia ventalina Alcyonacea  Gorgoniidae  
Keratoisidinae sp. Alcyonacea Calcaxonia  Keratoisidinae NC010764
Klyxum simplex Alcyonacea Alcyoniina Alcyoniidae  
Leptogorgia virgulata Alcyonacea  Gorgoniidae  
Lobophytum 
 Alcyonacea Alcyoniina Alcyoniidae  
Muricea muricata Alcyonacea  Plexauridae Plexaurinae 
Muricea pinnata Alcyonacea  Plexauridae Plexaurinae 
Muricea purpurea Alcyonacea  Plexauridae Plexaurinae 
Muriceopsis bayeri Alcyonacea  Plexauridae Plexaurinae 
 Alcyonacea  Plexauridae Plexaurinae 
 Alcyonacea  Gorgoniidae  

stenobrochis Alcyonacea  Gorgoniidae  
Paracorallium sp. Alcyonacea Scleraxonia Coralliidae  

De la phylogénie au barcoding
Tableau 2-1 (suite): 
Support phylogénétique des genres
Le genre Sibogorgia est paraphylétique alors que Muricea, Paramuricea, , 
Plexaurella, Eunicella, Muriceopsis et Paragorgia sont monophylétiques. Linformation 
disponible ne nous permet pas de commenter la monophylie des genres Pterogorgia, 
Plexaura, Eunicea, Pseudopterogorgia, Gorgonia et Alcyonium. Concernant plus parti-
Paramu-
ricea et Eunicella est soutenue avec des valeurs de bootstrap égales à 100. La position du 
genre Paramuricea au sein du clade 1 est irrésolue alors que celle du genre Eunicella est 
-
pant 6 autres genres : , Leptogorgia, Plexaurella, Pseudopterogorgia, Phyl-
logorgia, Gorgonia. Le clade Eunicella apparaît comme groupe frère du clade regroupant 
les six genres précédemment décrits.
Le résultat le plus marquant porte sur le positionnement des sept espèces du genre Coral-
lium. En effet, le genre Corallium est paraphylétique puisquun clade regroupant les sept 
espèces de Corallium analysées et le seul représentant du genre Paracorallium est mis en 
Ordre Sous-Ordre  

 Accession Genbank
Paragorgia aotearoa Alcyonacea Scleraxonia Paragorgiidae  
Paragorgia arborea Alcyonacea Scleraxonia Paragorgiidae  
Paragorgia kaupeka Alcyonacea Scleraxonia Paragorgiidae  
Paragorgia regalis Alcyonacea Scleraxonia Paragorgiidae  
Paragorgia wahine Alcyonacea Scleraxonia Paragorgiidae  
Paragorgia yutlinux Alcyonacea Scleraxonia Paragorgiidae  
Paramuricea clavata Alcyonacea Holaxonia Plexauridae Stenogorgiinae
Paramuricea 
macrospina Alcyonacea Holaxonia Plexauridae Stenogorgiinae
Phyllogorgia dilatata Alcyonacea  Gorgoniidae  
 Alcyonacea  Plexauridae Plexaurinae 
Plexaura homomalla Alcyonacea  Plexauridae Plexaurinae 
Plexaura kuna Alcyonacea  Plexauridae Plexaurinae 
Plexaurella dichotoma Alcyonacea  Plexauridae Plexaurinae 
Plexaurella grisea Alcyonacea  Plexauridae Plexaurinae 
Plexaurella nutans Alcyonacea  Plexauridae Plexaurinae 
Pseudoplexaura crucis Alcyonacea  Plexauridae Plexaurinae 
Pseudopterogorgia 
acerosa Alcyonacea  Gorgoniidae  
Pseudopterogorgia 
americana Alcyonacea  Gorgoniidae  
Pseudopterogorgia 
bipinnata Alcyonacea  Gorgoniidae  NC008157
Pseudopterogorgia 
elisabethae Alcyonacea  Gorgoniidae  
Pterogorgia anceps Alcyonacea  Gorgoniidae  
Pterogorgia citrina Alcyonacea  Gorgoniidae  
Sarcophyton 
trocheliophorum Alcyonacea Alcyoniina Alcyoniidae  
 Alcyonacea Scleraxonia Paragorgiidae  
Sibogagorgia 
dennisgordoni Alcyonacea Scleraxonia Paragorgiidae  
Sinularia gaweli Alcyonacea Alcyoniina Alcyoniidae Alcyoniinae 
Xenia sp. Alcyonacea Alcyoniina Xeniidae  
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Corallium 
regale (C. lauunse) forme un clade avec Corallium niobe    
Corallium sp.
Corallium 
rubrum et Paracorallium sp.         
Corallium 
secundum et Corallium kishinouyei 
donc en cause la validité du genre Paracorallium.
Figure 2-4: Phylogramme des relations entre 68 espèces doctocoralliaires inférées à partir dune analyse 
ND2 et ND6 concaténées. 
Holaxonia-Alcyoniina Cal-
caxonia-Pennatulacea Anthomastus-Corallium
  
aux séquences disponibles dans les banques sont indiquées en rouge. Chaque nom despèce est suivi par 
labbréviation de sa famille dappartenance telle que décrit dans la phylogénie actuelle (Williams & Cairns 


renvoient au paragraphe de la discussion concernant la monophylie des familles.
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4) Discussion
La phylogénie présentée dans cette étude est concordante sur plusieurs points avec les tra-
vaux précédents et ce, malgré lutilisation de locus (ND2-ND6) et dun échantillonnage 

et al.
Holaxonia-AlcyoniinaCalcaxonia-PennatulaceaAnthomastus-Corallium) et 
sont aussi bien, voire plus fortement, soutenus. 
4-1) Support phylogénétique des sous-ordres
Au niveau sub-ordinal, quatre clades ont été échantillonnés. Les données obtenues ne 
          
-
ture. Les données moléculaires nont en effet pas permis de rejeter avec certitude cette 
  et al.     
axe squelettique creux formé de chambres cloisonnées contenant une grande quantité 
de gorgonine (protéine) et peu ou pas de carbonate de calcium) soutiennent cette mono-

nécessaires pour tester cette hypothèse plus en profondeur. Le sous-ordre des Alcyoniina 
est, quant à lui, paraphylétique dans les différentes phylogénies moléculaires publiées 
(Berntson et al.et al.
précédentes publications sexplique probablement par une résolution plus faible de nos 
marqueurs mais surtout par labsence de certains genres dans notre jeu de données qui 
          Anthomastus Para-
minabea Notodysiferus). La monophylie du sous-ordre des Calcaxonia rapportée ici 
et al.

-
phylie apparente des Scleraxoniaet al.

explique cette discordance. En effet les genres Iciligorgia ou Anthothela qui sinsèrent 
dans le clade Holaxonia-Alcyoniinaet al.
données que nous avons utilisé. 
4-2) Monophylie des familles
Neuf familles différentes ont été analysées. Cependant, deux dentre elles (Briarei-
daeNephteidae) ne sont représentées que par une seule espèce. Parmi les sept familles 
          
familles Gorgoniidae et Plexauriidae. Bien que sa position ne soit pas soutenue, le genre 
Muriceopsis (Plexauriidae) forme un clade (A) avec les Pterogorgia spp. (Gorgoniidae). 
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Plexaura spp., Eunicea spp., Pseudoplexaura crucis, et Muricea spp. (clade B) appar-
tiennent toutes aux Plexauriidae. Le genre Plexaurella (Plexauriidae) forme un clade 
Pseudopterogorgia spp., Phyllogorgia dilatata et Gorgo-
nia spp. (C) trois genres traditionnellement classés chez les Gorgoniidae. Ce rapproche-
ment entre Plexaurella spp.
basait alors sur loccurrence de terpénoïdes dans les deux groupes.  et 
Leptogorgia virgulata (Gorgoniidae) sont en position de groupe frère (D) des deux clades 

par les Paramuricea spp. (Plexauridae). Ces résultats sont globalement congruents avec 
deux phylogénies centrées exclusivement sur ces deux familles de gorgonaires (msh1 
ND2 Wirshing et al.msh1 ND2 ND6 Sanchez et al.
Eunicella (Eunicella singularis, 
Eunicella verrucosa et Eunicella cavolini). Ce genre appartenant traditionnellement à la 
famille des Gorgoniidae, se retrouve en position de groupe frère des clades C et D com-
plétant ainsi les conclusions des études précédentes sur le nombre de clades distincts à 

niveau. 
-
férents représentants de cette famille sont en effet dispersés à lintérieur du clade des 
Holaxonia-Alcyoniina sans que leur position soit soutenue dans la plupart des cas.  Ceci 
peut éventuellement sexpliquer par un manque dinformation des locus utilisés. En effet, 
le locus msh1et al. 
et 
al.
na été conduite sur cette famille en particulier. Les familles Xeniidae, et Isididae appa-
raissent quant à elles comme des groupes monophylétiques. Dans le cas des Xeniidae, nos 
et al.
Xeniidae étaient un groupe polyphylétique. Cette incongruence est probablement le résul-
tat de notre échantillonnage. Nous navons, en effet, pas inclus les séquences de Anthelia 
sp., lespèce qui conduisait les auteurs à conclure à la polyphylie de la famille. Dans le cas 
des Isididaeet al.
ne couvre quune des quatre (Keratoisinidae) sous-familles, ce qui conduit à considérer 
ces résultats avec précaution. Un effort déchantillonnage supplémentaire est donc indis-

la monophylie du clade Coralliidae et la paraphylie des Paragorgiidae au sein du clade 
Anthomastus-Corallium. Les résultats concernant ces deux familles complètent la phylo-
et al.et al.
sur les marqueurs mitochondriaux msh1, ND2, 16S et focalisés uniquement sur ces deux 
familles dorganismes qui vivent principalement à grande profondeur. Le rapprochement 
entre Coralliidae et Paragorgiidae a été précédemment démontré grâce à lARNr 18S 
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(Berntson et al.
-
génie mitochondriale des Octocoralliaires. 
4-3) Support phylogénétique des genres
Bien que la résolution des marqueurs mitochondriaux soit variable dun genre à lautre 
chez les octocoralliaires et que certains genres ne soient représentés que par deux espèces 
  
du genre Sibogoria et remettre en cause lexistence du genre Paracorallium (N.B. 16 
genres supplémentaires ne sont représentés que par une espèce). En ce qui concerne le 
Sibogorgiaet al.
données moléculaires mais concluent, quétant donné le faible échantillonnage de ce 
genre et lexistence de caractères morphologiques communs (e.g. présence de canaux 
dans laxe squelettique, forme des sclérites), un échantillonnage plus important est néces-

             
mesurée entre Sibogagorgia dennisgordoni et , ce genre semble 
Paracorallium a, quant à lui, été proposé récemment 
sur la base de critères morphologiques (i.e. creux longitudinaux entouré de bords perlés 

espèces appartenant traditionnellement au genre Corallium au sein de ce nouveau genre. 
et al.-
et al.
Corallium en suggé-
rant notamment lexistence de trois groupes principaux (C. secundum / C. kishinouyei vs. 
C. sp. / C. niobe / C. regale vs. C. rubrum / Paracorallium sp.). Parmi les treize genres 
restants, sept sont monophylétiques (Muricea, Paramuricea, , Plexaurella, 
Eunicella, Muriceopsis et Paragorgia-
gia, Muriceopsis (Sanchez et al.Plexaurella
(Wirshing et al.Paragorgiaet al.
publiés (Muriceaet al.Paramu-
ricea et dEunicella. Nos résultats ne nous permettent pas de nous prononcer sur la mono-
phylie de six genres (Pterogorgia, Plexaura, Eunicea, Pseudopterogorgia, Gorgonia et 
Alcyonium). Différentes phylogénies moléculaires ont montré quils étaient paraphylé-
tiques (Pseudopterogorgia, Gorgonia Sanchez et al.Alcyoniumet al.
Eunicea Sanchez et al.et al.Plexaura Sanchez et al.
Pterogorgiaet al.et al.
différences sexpliquent encore une fois très probablement par une plus faible résolution 
des deux marqueurs utilisés en comparaison du locus msh1 intégré dans la plupart des 
études citées. 
I - Phylogénie moléculaire des octocoralliaires

De la phylogénie au barcoding
4-4) Conclusion
Cette nouvelle phylogénie conforte donc les résultats acquis sur dautres marqueurs 
moléculaires (18S Berntson et al.18S-16S Sanchez et al.ND2-msh1
et al.ARNr 18S et lADN mitochondrial nont pas permis de résoudre 
les relations profondes à lintérieur de la phylogénie des octocoralliaires et, à lopposé sur 


et al.



complétons cependant ces données grâce à lajout du genre Eunicella et à léchantillon-
nage plus important des Corallidae et Paragorgidae-
sions quant au caractère paraphylétique du genre Sibogagorgia et à la validité du genre 
Paracorallium. Lensemble de ces résultats plaide donc en faveur dune reconsidération 
de la taxonomie des Octocoralliaires notamment au niveau supra-genre (Berntson et al.
et al.
morphologiques, comme par exemple la forme des sclérites et le mode de formation de 

famille (e.g. Holaxonia et Calcaxonia). Ainsi les phylogénies moléculaires pourraient 

La confrontation de nos résultats avec les phylogénies moléculaires antérieures illustre 
parallèlement limpact de léchantillonnage tant au niveau taxonomique (i.e. représen-
tation des taxons) que moléculaire (i.e. couverture des génomes) sur les reconstructions 
phylogénétiques. Cette dernière remarque, bien quévidente, est particulièrement valable 
dans le cas des octocoralliaires. En effet, ce taxon à très large répartition regroupe des 
espèces clés dans de nombreuses communautés marines des récifs coralliens tropicaux 
(Sanchez et al.-
tillonnage exhaustif notamment pour ces espèces profondes demandera encore de gros 
  
        
  

         
new species octocorallia ») et certaines 
-
ment de cet effort de terrain et considérant le faible polymorphisme observé au niveau 
mitochondrial et lévolution particulière des ITS chez ces espèces, la résolution de cette 
phylogénie passera nécessairement par une approche phylogénomique (e.g. Marletaz et 
al.
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quantité dinformations disponibles.
I - Phylogénie moléculaire des octocoralliaires
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De la phylogénie au barcoding
II - Barcoding chez les octocoralliaires : apport des marqueurs          
mitochondriaux ND2 et ND6
1) Introduction

et al.barcoding, cette approche 
et al.
Consortium for Barcode of Life » (CBOL http:// barcoding.si.edu) crée en 
  
barcoding désigne donc lensemble des méthodes didenti-

Au delà de ses deux applications originelles (i.e. assignation dun spécimen à une espèce 
et al.barcoding a permis la 
mise en évidence despèces cryptiques (e.g. Smith et al.

environnementaux (e.g. Rusch et al.
et al.
sest donc élargi à mesure de son développement avec, par exemple, des utilisations pour 
les analyses légales (e.g. Dawnay et al.
Chez les métazoaires, 658 pb du gène de la cytochrome oxydase 1 (CO1) ont été pro-
et al.
barcoding gap ») entre le niveau de varia-

et al.-
         -
et al.

variabilité du mode dévolution de la CO1 à léchelle des eucaryotes fait que ce seuil 
et al.


de stratégies différentes basées sur lutilisation de lADN chloroplastique ou sur la com-
binaison de plusieurs régions génomiques (e.g. Kress et al.et al.
        et al.   
et al. 
de ces organismes possède un taux dévolution très faible qui rend la CO1 peu informa-
et al.
et al.
Chapitre 2

  et al.
barcoding stricto sensu reposant sur lutilisation standardisée dun 
unique marqueur moléculaire (i.e. CO1-
lato sensu 
de nimporte quel niveau taxonomique à partir de nimporte quelle séquence dADN. Le 
  
ND2-ND6, en tant que code barre. Ces deux marqueurs 
présentent en effet des niveaux de variabilité plus importants que la CO1 chez les octo-
et al.
relativement robuste sur plusieurs niveaux taxonomiques.

important pour plusieurs raisons. Dune part, comme expliqué dans la partie précédente, 

plasticité phénotypique (e.g. forme des colonies) compliquent la tâche des taxonomistes. 





-
-
lement évaluée. Les résultats de la partie précédente et des études déjà publiées sur les 
et al.et al.

-
mation au cas par cas des taux de divergences. Nous nous sommes focalisés dans un pre-

des trois genres Paramuricea, Corallium et Eunicella. Puis nous avons cherché à évaluer 
lapport de ND2-ND6 au barcoding des octocoralliaires. Pour cela nous avons estimé les 


organismes. 
2) Matériel et méthodes

La provenance des échantillons et les méthodes dextractions dADN sont présentées 
-
Coral-
II - Barcoding chez les octocoralliaires

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lium, Eunicella et Paramuricea

-
msh1 
du gène de la CO1-
den et al.CO1et al.
températures dhybridation (Ta

séquences nucléotidiques de chacun des marqueurs ont été traduites en acides aminées 
         

Figure 2-5:
locus msh1 et CO1 utilisés dans cette étude. La région en noir correspond à un espaceur intergénique non-


La distance génétique entre taxons à différents niveaux de léchelle taxonomique a été 
évaluée grâce à la p-distance qui mesure la proportion de sites nucléotidiques qui dif-
        
basés sur la phylogénie présentée au chapitre précédent ainsi que sur les résultats publiés 
et al. -
tances ont été réalisées à partir de la séquence ND2-ND6 concaténée sur les 67 espèces 
p-distance et son écart-
type (1000 bootstrap) sur lensemble du jeu de données. Les comparaisons par paires ont 
ensuite été menées entre espèces avec une attention particulière sur les trois genres Para-
muricea, Eunicella et Corallium (Corallium spp. + Paracorallium sp.). Ces traitements 

 
 




 
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espèces congénériques et entre espèces appartenant à des genres différents. Seuls les neuf 
genres monophylétiques possédant au moins deux représentants (Eunicella, Muriceop-
sis, Muricea, , Plexaurella, Pterogorgia, Paramuricea, Paragorgia et clade 
Corallium spp. / Paracorallium sp.
second temps, nous avons comparé les distances entre espèces de ces genres monophy-
létiques avec celles entre espèces appartenant aux six genres dont le soutien a été remis 
en cause par la phylogénie moléculaire. Nous avons effectué des comparaisons entre ces 
   
(Holaxonia-AlcyoniinaCalcaxonia-Pennatulacea et Anthomastus-Corallium cf. partie 


et al.
des rangs identiques entre les deux échantillons) a été mené pour comparer les distances 
entre espèces appartenant aux genres monophylétiques et espèces appartenant aux six 
genres paraphylétiques ainsi que pour comparer les distances entre espèces appartenant 

Tableau 2-2:-
             
clades des Holaxonia-Alcyoniina et des Anthomastus-Corallium. Pour chaque espèce et chaque marqueur, 
le nombre de populations et les distances géographiques entre ces populations sont donnés. 
II - Barcoding chez les octocoralliaires
CO1 provenance msh1 provenance ND2 provenance ND6 provenance
Corallium niobe 

populations 
(km)


populations 
(km)
Corallium regale 

populations 
(10 km)


populations 
(10 km)


populations 
(10 km)
Corallium rubrum 18

populations 
(1000 km)


populations 
( 1000 km)


populations 
(1000 km)


populations 
(1000 km)
Eunicella cavolini 6
5 
populations 
(100 km)
5
5 
populations 
(100 km)
 1 population 1 1 population
Eunicella singularis 6
4 
populations 
(100 km)


populations 
(100 km)
Paramuricea 
clavata 

populations 
(100 km)
Paramuricea 
macrospina  1 population  1 population
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3) Résultats

La taille du locus CO1 est assez homogène aux alentours de 560 pb pour les 5 espèces 
     msh1 ont été obtenues chez Coral-
lium rubrum (810 pb) et pour Eunicella singularis et Eunicella cavolini 
différence de taille sexplique principalement par deux insertions dans la séquence du 
gène msh1 chez le corail rouge. Aucune variation nest observée pour différents indivi-

lobtention de séquences totalement identiques entre individus appartenant à différentes 
espèces ayant, par exemple, des aires de répartition contrastées (Eunicella singularis / 
Eunicella cavolini).
ND2-ND6
Bien que la phylogénie des genres Paramuricea, Eunicella et Corallium ait été présentée 
dans le chapitre précédent, nous reprenons ici ces résultats en les commentant du point 
de vue des distances génétiques. Le polymorphisme observé au sein de ces trois genres 
sur ND2-ND6 et donc les distances mesurées sont globalement faibles. Aucune différence 
nest observée entre Eunicella singularis et Eunicella cavolini alors quEunicella verru-
cosa diverge de 0.1 % des deux autres espèces, ce qui correspond à 1 position différente 
. Au sein du genre Paramuricea
   
au sein du genre Corallium
Corallium regale (C. lauunse)Corallium niobe
Corallium sp. 
clade Corallium regale et Corallium niobe. Corallium rubrum et Paracorallium sp. sont 
       Corallium 
secundum et Corallium kishinouyei qui forment un clade distinct ont des séquences sépa-
rées par 
La p-distance globale moyenne pour le marqueur ND2-ND6 est de 5,7 +/- 0,4 % avec 

dont lexistence est soutenue, les valeurs de divergences entre espèces à lintérieur de 



genres séchelonne de 0,1 +/- 0,1 % pour le genre Eunicella
Paragorgia-
Eunicea et 6,4 +/- 0,8 % pour Sibogagorgia

p
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II - Barcoding chez les octocoralliaires
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Figure 2-7:p-distances observées entre les neuf genres monophylétiques (A) et les 

P



p < 0,01). 
Au niveau des clades, les pourcentages de divergence entre espèces sont de 1,7 +/- 0,4 % 
-
paraisons entre clades montrent des valeurs plus élevées (clade 1 vs.
vs.vs.
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Figure 2-8:
P < 0.01).
4) Discussion
4-1) Evaluation du code barre ND2-ND6
Lobjectif de notre étude est dévaluer le code barre ND2-ND6 chez les octocoralliaires. 
barcodinget 
al.-


-


            
taxons (critère 4). Le dernier critère repose sur lexistence dun barcoding gap correspon-
dant à une rupture dans la distribution des distances génétiques de niveaux taxonomiques 


       et al.     
    
différente entre espèces (critère 5). 
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II - Barcoding chez les octocoralliaires

De la phylogénie au barcoding
4-2) Longueur du fragment, standardisation et information phylogénétique du code 
barre
Limportance relative de ces critères est ajustée en fonction de la question abordée et donc 
de la nature du barcoding (stricto sensu ou lato sensu
validité de chacun de ces critères dans un cadre réaliste, cest à dire tenant compte à la fois 
des buts de notre étude mais aussi des connaissances actuelles concernant la phylogénie 
des Octocoralliaires. Le critère 1 est par exemple primordial pour une étude portant sur 
les régimes alimentaires qui utilisera de lADN dégradé (ex : provenant de fèces) mais 
est secondaire pour dans une étude de taxonomie, comme la notre basée sur des échan-
ND2 et ND6 repose 

et al.et al.
 
des Isididae comme le suggère lalignement entre les génomes mitochondriaux de deux 
espèces appartenant à cette famille (Acanella eburnea et Keratoisinadae sp.) et ND6-
Isididae sont en effet caractérisées par un 
génome mitochondrial atypique par rapport aux octocoralliaires étudiés jusquà présent, 
un fragment de 5 gènes (msh1, 16S, ND2, ND5, ND4
 ND4L-msh1
   -
  ND2 et ND6 utilisés dans notre étude, les 
sites dhybridation des amorces ainsi que leurs orientations sont conservés permettant 
-

développé dans la partie précédente. La phylogénie est bien résolue avec des valeurs de 
Holaxonia-Alcyoniina Calcaxonia-
Pennatulacea et Anthomastus-Corallium). Au niveau taxonomique suivant, le support 
phylogénétique varie dun clade à lautre. La phylogénie est globalement résolue au sein 
du clade Anthomastus-Corallium avec des valeurs de bootstrap supérieures à 75 dans tous 
les cas hormis entre Paragorgia arborea et Paragorgia yutlinux. Les résultats sont plus 
contrastés pour le clade Holaxonia-Alcyoniina  puisque la monophylie et le positionne-
 
marqueurs est donc dépendante à la fois du niveau taxonomique et du clade considérés 
rendant la validation du critère 4 circonstancielle. 
4-3) Divergence et barcoding gap chez les octocoralliaires
Le taux de substitution élevé au sein des génomes mitochondriaux induit dans certains cas 

et al.-
tworth et al.
Chapitre 2
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
validité du barcoding gap ainsi que lutilisation dun seuil de distance notamment pour 
distinguer les espèces nouvelles ont donc été remis en cause à de nombreuses reprises 


les espèces testées dans cette étude, sous-entend lexistence du barcoding gap dans le cas 
des octocoralliaires, puisque nous devrions observer une signature moléculaire unique 
pour chaque espèce considérée. Labsence de variabilité entre certaines espèces congéné-
riques (cf. Eunicella singularis / Eunicella cavolini) -
mant les résultats précédemment observés chez dautres genres doctocoralliaires à partir 
ND2, ND6et al.
séparément (ANRr 16Set al.ND3, ND4L, msh1
COI et al.         



et al.
sur lensemble du jeu de données dans notre cas. Le polymorphisme observé semble 
CO1 (i.e. 


variabilité entre espèces congénériques a aussi été rapportée à un degré plus important 



CO1 vs. ND2-ND6), nous inter-
roge cependant sur les mécanismes impliqués dans lévolution du génome mitochondrial 
de ces espèces. 
4-4) Evolution du génome mitochondrial chez les anthozoaires
Ce faible polymorphisme mitochondrial est connu pour de nombreux taxons de méta-
et al.-
giaires Lavrov et al.
et al.
et al.
est en effet 50 à 100 fois plus lente que pour le reste des métazoaires (Shearer et al.
alors que les valeurs observées pour les génomes nucléaires sont comparables avec le 

ce résultat, suggère une accélération de la vitesse dévolution des séquences mitochon-
driales à proximité de lorigine des bilatériens (Shearer et al.    
II - Barcoding chez les octocoralliaires
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et al.-
et al.
de niveau de polymorphisme et la longévité des organismes. Bien que les mécanismes ne 
soient pas expliqués, un faible taux dévolution mitochondriale serait sélectionné chez les 
espèces longévives. Ceci est illustré chez les cnidaires, par lexistence dun taux dévo-
lution mitochondriale rapide chez les Médusozoaires (groupe frère des Anthozoaires au 
sein des Cnidaires) ayant une durée de vie réduite comparée aux Anthozoaires (Galtier 
et al.msh1 dans le génome 
mitochondrial a aussi été avancée comme un des facteurs contribuant à ce faible poly-
MutS
présent dans le système de réparation de lADN bactérien MSLH (Pont-Kingdon et al.

réelle dans le faible polymorphisme observé (Abdelnoor et al.
4-5) Utilisation du code barre ND2-ND6  et futurs développements pour une meilleure 
estimation de la diversité biologique des octocoralliaires
Comme notre travail sur ND2-ND6 lillustre, un code barre stricto sensu chez les octoco-
ralliaires ne semble pas envisageable. Bien que ND2-ND6 ne puisse servir à différencier 

pu suggérer son utilité dans certains cas bien précis, notamment au sein du clade Antho-
mastus-Corallium où les pourcentages de divergence entre espèces sont relativement 
élevés en comparaison du clade Holaxonia-Alcyoniina-

-
rée comme appartenant à une nouvelle espèce. Etant plus variable que la CO1
et al.a priorimsh1 
présentant un polymorphisme constant contrairement à lIGR-4 qui nest utilisable que 
chez les Isididae et al.ND2-ND6 

lun des trois clades majeurs en utilisant par exemple une méthode phylogénétique (voir 
Austerlitz et al.

et al.IGR-4 et 
al.Isididae ou msh1 pour le reste des espèces permettra de préciser 
la position au sein de ce clade majeur. 
-

des séquences mitochondriales partagées entre espèces et donc daller plus avant dans 
lestimation de la diversité biologique de ce groupe. Lévaluation de la diversité bio-
logique et donc la délimitation des espèces à partir dapproches moléculaires sont sou-
Chapitre 2

-

et al.
-
incomplete lineage sorting »), sont 
particulièrement importants chez les cnidaires (Willis et al.

Octocoralliaires. Cependant les séquences dITS partagées entre Eunicella singularis et 
Eunicella cavolini et al.
aussi exister chez ces organismes. Le gène de la cyclooxygènase isolé lors de cette thèse, 
dont le polymorphisme chez le corail rouge est trop restreint pour une étude de phylo-
EF1 (Aurelle et al.et al.
EF1 chez les Lépidop-
tères), peuvent potentiellement fournir des compléments dinformation dans ce cadre. 
Pour conclure, bien que ce travail soit focalisé sur la dimension moléculaire de la diver-
sité biologique, il ne doit pas dissimuler limportance des approches complémentaires. En 


II - Barcoding chez les octocoralliaires

De la phylogénie au barcoding
-
logénétique de la conservation
Létude de la biologie de la conservation nécessite, dans labsolu, davoir une connais-
sance préalable des groupes dorganismes étudiés et notamment de leurs limites taxono-
miques ainsi que des relations de parenté les unissant au reste du vivant. Cela permet à la 



accessible avec les marqueurs moléculaires classiques, soit à cause dun manque de réso-
lution de ceux-ci, soit parce quelle nexiste pas dun point de vue biologique. Limpor-
-
pow et al.
Au cours de ce premier chapitre, jai replacé neuf espèces au sein de la phylogénie des 
octocoralliaires en utilisant les séquences de deux locus mitochondriaux concaténés ND2 
et ND6 soit environ 800 paires de bases. Parmi ces neuf espèces, cinq sont des gorgo-
naires dont laire de distribution inclut ou se limite à la Méditerranée. A priori, aucune 
espèce de cette région biogéographique navait jusqualors été utilisée dans une phylogé-
nie moléculaire. Les quatre espèces restantes appartiennent au genre Corallium, faisant 
de mon échantillonnage de ce genre, le plus exhaustif utilisé jusquà présent pour une 


-
et al.et al.
présence des trois clades majeurs (Holaxonia-Alcyoniina Calcaxonia-Pennatulacea et 
Anthomastus-Corallium) au sein de lordre des octocoralliaires, dont lexistence avait été 
mise en évidence par Berntson et al.
et al.-
nement du genre Paramuricea au sein du clade Holaxonia-Alcyoniina nest pas soutenu, 
les positionnements du genre Eunicella Corallium au 
sein du clade Anthomastus-Corallium le sont. La monophylie des genres Paramuricea et 
Eunicella est démontrée, alors que le genre Paracorallium 
la monophylie du genre Corallium. Dautre part, le genre Sibogagorgia est aussi para-
et al.
permis de replacer le modèle biologique de cette thèse (Corallium rubrum) au sein de la 
phylogénie des octocoralliaires. 
Dans la seconde partie, jai évalué ND2-ND6 en tant que code barre chez les octocoral-
liaires. La mise en place dun système de code barre stricto sensu représente un apport 
important du point de vue de la conservation. Cette taxonomie moléculaire participe en 
Chapitre 2
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
seconde partie démontrent cependant quun système uniquement basé sur ND2-ND6
nest pas optimal. En effet, le mode dévolution atypique de leur génome mitochondrial 
induit dans certains cas une divergence nulle entre espèces congénériques, ce qui entraine 
-
gré tout que cette séquence soit utilisée pour assigner une espèce à lun des trois clades 
 
sept espèces sur quatre locus mitochondriaux induit que toute séquence non répertoriée 
dans les banques de gènes appartient potentiellement à une nouvelle espèce permettant 
dorienter le travail des taxonomistes. Ainsi en tenant compte du manque de connaissance 
sur ce clade par rapport au nombre probablement important despèces restant à caractéri-
ser, mais aussi par rapport à la révision nécessaire de sa phylogénie, un mode opératoire 
pour lutilisation du code barre ND2-ND6 est proposé. Cet outil peut donc permettre des 


couplée dans certains cas à une divergence nulle entre espèces congénériques ont dim-
      

 » ESU) chez ces orga-
nismes pourtant soumis à de fortes pressions anthropiques. Les ESU sont un outil majeur 
en matière de gestion de la biodiversité et représentent lun des apports principaux de 

permet de cibler les entités (sensuet al.
-
lement reproducteur et historique ainsi que sur des potentialités adaptatives différentes 
-
tion de ces unités sest, par la suite, focalisée sur lexistence dune monophylie réciproque 
         


            
moins chez les plantes (Crandall et al.-
trer, chez de nombreux cnidaires. Chez ces derniers les séquences mitochondriales et/
ou nucléaires partagées entre espèces congénériques (e.g. Eunicella spp. et al.
Acropora spp.et al.et al.

basée sur lexistence dentités phylogénétiquement distinctes lorsque cette distinction 

pour de nombreux groupes dits taxonomiquement complexes (Ennos et al.
fait maintenant connu dont les causes (ex : hybridation, reproduction uniparentale, poly-
III - Phylogénie et conservation
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
les ESUs, ont été largement discutés (voir Crandall et al.
et al.et al.et al.et al.
Dans une volonté de saffranchir du concept despèce, de nombreux auteurs ont donc sug-
géré dévoluer de lapproche usuelle centrée sur les espèces, vers une approche centrée 
sur les facteurs évolutifs sous jacents (Crandall et al.et al.

processus évolutifs contribuant à ces patterns, permet à la fois dappréhender la diversité 

aussi de garantir un équilibre dans la prise en compte des critères disolement génétique 
et de diversité adaptative. Cest dans cette optique que la suite de ce travail de thèse a 

lorigine de la diversité actuelle de Corallium rubrum

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Chapitre 3
Structuration et diversité génétique 
des populations de surface de corail 
rouge à l’échelle de la Méditerranée          
Nord-Occidentale
« Où il est question de populations de corail rouge en Méditerranée Nord-Occidentale, de 
microsatellites, de décit en hétérozygotes et de structure génétique signicative même à 
courte distance, de méthode bayésienne de regroupement et de groupes régionaux, de cor-
rélation positive entre distances génétique et géographique donc d’isolement par la distance 
et d’équilibre migration-dérive, d’une forte diversité génétique et de sa répartition hétéro-
gène, de scénario évolutif et encore de conservation. »
Chapitre 3
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1) Introduction 
Coastal marine ecosystems are important from socio-economic and ecological points of 
view (Costanza et al.et al.

many areas, coastal ecosystems are critically endangered by severe dysfunctions, includ-
      et al.    
change are the most recent source of strong disturbance pressures in these ecosystems 
et al.
This study is focused on the Mediterranean red coral, Corallium rubrum, a species that 
is typically associated with the coralligenous assemblage, one of the richest biodiversity 

is an aposymbiotic octocorallian with a highly fragmented distribution which centers 
mainly around the western Mediterranean and the neighboring Atlantic Ocean (Zibrowius
et al.
-
ius et al.
in aquaria
displaying slow population dynamics with very low growth and mortality rates (Garrabou 
et al.et al.




shallow populations, preventing the colonies from reaching their potential maximum size 


to positive thermal anomalies that were potentially associated with the warming trend 
currently detected in this area (Perez et al.et al.et al.
et al.
 were affected, while in others only 5% 
of colonies showed some mortality (Garrabou et al.
in several international conservation conventions to protect the species and control its 

of genetic diversity, the connectivity between populations and the new climatic threat and 
its impact on shallow populations (5-60 m). 
Previous genetic studies investigated effective larval dispersal as well as the spatial 

 et al.
linked to the presence of the msh1 gene (Pont-Kingdon et al. et al.

Structuration et diversité génétique des populations de surface de corail rouge
et al.
was observed between samples separated by ten kilometers (Abbiatti et al.
Gaudio et al.
-
sis of four microsatellites among eight samples derived from two locations. This analy-
sis revealed strong genetic structuring at distances of tens of meters (Costantini et al.



be established at long distances despite generalized differentiation between the samples 
(Costantini et al.-
et al.
The major goals of this study were to analyze the link between geographical distance and 
genetic structure, and to gain insight into the distribution of genetic diversity. Using ten 
microsatellite loci and a sampling of forty shallow populations separated by a range from 
tens of m to hundreds of km and dwelling in different environments, three main objectives 

particular emphasis on dispersal patterns over the whole area and within each regional-
-

genetic diversity of the study samples. The results, discussed in light of the species life 
history traits, should further our understanding of the evolutionary history of the shallow 


patterns of genetic structure among the analyzed regional-clusters. We also demonstrate a 
strong heterogeneity in the distribution of genetic diversity, and we highlight the particu-
lar status of the Balearic cluster. These results constitute valuable data for conservation of 
red coral populations, and could also be useful for other species with similar life-history 

study is necessary for exploration of the adaptive capacity of red coral populations facing 
 et al.
2) Materials and methods
2-1) Sampling and DNA extraction
Corallium rubrum colonies were sampled by scuba diving at 40 sites corresponding to 
different habitats (overhangs, caves and interior of caves), and located at the upper limit 
(between 14 and 60 m in depth) of the bathymetric distribution of the species between the 
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
distinct parts of the species range: the northwestern part of Corsica, Catalonia, the north-
 
These regions are well separated based on their insular position or due to the lack of con-
tinuous shallow rocky habitats between them (such as between Catalonia and the Liguro-




10 polyps using standard proteinase K / SDS digestion followed by phenol-chloroform-
 et al.
2-2) Microsatellite analysis
-
-
-


and 1 µM of each primer. The forward primer 

COR9bis and COR46bis




-
lyzer (Applied Biosystems) by multiplexing PCR products (Mic13/Mic22/Mic24/Mic27, 
Mic23/Mic25/Mic26 and COR9bis/Mic20/COR46bis) and using an internal size standard 
    
included in each migration. Electropherograms were analyzed with Genemapper version 

2-3) Microsatellite characteristics
 et al.

each sample and locus by the expectation maximization algorithm (Dempster et al.
-
tion and genotyping replicates were performed to control the genotyping procedure. The 
results obtained suggested that PCR reactions and genotyping were repeatable (data not 
shown). 
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The total number of alleles, size range, observed (Ho) and unbiased heterozygosity (He

Figure 3-1:-



2-4) Hardy-Weinberg equilibrium
 et al.    

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Departure from panmixia was tested for each sample using the score test for heterozygote 


parameters. The f estimator of FIS    

Table 3-1: Corallium rubrum 

Geographic region Sample location Label Latitude (North)
Longitude 
(East)
Depth 
(m) Habitat N
Provenço-Liguria Punta dellAltare PDA 44.3055° 9.21481° 35 2 29
Provenço-Liguria Monaco MON 43.7349° 7.43342° 35 2 21
Provenço-Liguria Villefranche VIL 43.6896° 7.34897° 22 1 36
Provenço-Liguria Grotte Tremies TRM 43.2012° 5.51339° 14 3 26
Provenço-Liguria Castelvieil CAS 43.1976° 5.49875° 16 2 30
Provenço-Liguria Figuier extérieur FIE 43.205° 5.44723° 20 2 29
Provenço-Liguria Figuier intérieur FII 43.205° 5.44736° 20 3 27
Provenço-Liguria Grand Congloué GC 43.1759° 5.40185° 40 1 30
Provenço-Liguria Grand Congloué GRC 43.1754° 5.40097° 52 2 29
Provenço-Liguria Impériales du large IML 43.1698° 5.39435° 60 2 23
Provenço-Liguria Riou Sud RIO 43.1728° 5.3886° 40 2 29
Provenço-Liguria Riou Sud Extérieur RIE 43.1728° 5.38942° 20 2 25
Provenço-Liguria Riou Sud Intérieur RII 43.1729° 5.38941° 20 3 33
Provenço-Liguria Plane PLA 43.1869° 5.39117° 38 2 29
Provenço-Liguria Grotte à Péres entrée GPE 43.1869° 5.39029° 20 2 50
Provenço-Liguria Grotte à Péres intérieur GPI 43.1868° 5.39029° 20 3 28
Provenço-Liguria Pharillons de Maïre PHA 43.2074° 5.3382° 39 1 32
Provenço-Liguria Tiboulen du Frioul TFR 43.28° 5.2876° 38 1 38
Provenço-Liguria Grotte à corail GCO 43.2102° 5.33273° 20 3 29
Provenço-Liguria Carry le Rouet CAR 43.3226° 5.162° 20 1 35
Provenço-Liguria Carro CRO 43.3151° 5.06052° 21 1 32
Provenço-Liguria Ponteau / Lavera PON 43.3643° 4.99941° 21 1 28
N-W Corsica Grotte Palazzinu PUA 42.3798° 8.55009° 40 2 32
N-W Corsica Passe Palazzu PPA 42.3799° 8.54758° 27 1 29
N-W Corsica Palazzu (grotte à corail) PZU 42.3802° 8.54635° 22 2 34
N-W Corsica Palazzu PZP 42.3802° 8.54575° 40 2 28
N-W Corsica Garganellu GGU 42.3726° 8.5369° 43 2 32
N-W Corsica Cala di Ponte CDP 42.3546° 8.55209° 26 1 30
N-W Corsica Baja casju BCA 42.3496° 8.55095° 30 1 28
N-W Corsica Porto POR 42.2725° 8.68812° 24 1 29
Catalonia Cap de lAbeille BAN 42.475° 3.16192° 25 1 21
Catalonia Sec Rederis SRE 42.4641° 3.16658° 23 2 27
Catalonia Cap de Norfeu NOR 42.2443° 3.26684° 24 1 30
Catalonia Pota del Lop POT 42.0497° 3.2254° 35 2 35
Catalonia Cova de la Reina CDR 42.0461° 3.22477° 14 1 38
Catalonia Cova de la vaca SE COV 42.0472° 3.22583° 18 1 39
Catalonia Carall Bernat BER 42.0422° 3.22816° 18 1 27
Catalonia  XIC 42.0436° 3.22644° 35 1 34
Balearic Islands Cap Formentor FOR 39.9964° 3.21188° 36 1 32
Balearic Islands Llosa des Patro Pere LPP 40.0726° 4.1075° 34 1 29

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2-5) Interpopulation differentiations and isolation by distance
      
FST (
samples was tested using an exact test based on the MC algorithm (Guo & Thompson 

Geo-
        http://earth.google.
fr/), using Euclidian distance or taking into account the minimum downstream distances 

FST (FST/(1-FST)) was regressed on the 
logarithm of the distance (Ln(d
-




 et al.
(FST), among populations within a group (FSC) and among groups (FCT

      et al.   
below), and then within each of these groups, except for the Balearic cluster because of 
its low number of samples. 
2-6) Clustering analyses
Simulated dataset: We used computer simulations to evaluate the effect of positive and 
FIS on STRUCTURE, considering genetic parameters close to those observed 
for C. rubrum. The behavior of the model allowing for separate alpha values among clus-
ters was also evaluated under the simulated scenarios.
The obtained results showed that the two models (admixture with correlated allele fre-
 
equilibrium not being met in all samples (see supplementary material). 
Real dataset: The underlying population structure contained in the data was analyzed 
using the Bayesian approach implemented in et al.
et al.that infers the number of genetic clusters K from the individuals 
genotype dataset.   
were computed for each K value, with the model allowing for admixture and correlated 
allele frequencies between clusters, and using the recessive allele option to deal with 
et al.K clusters, 

et al.et al.
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behavior of STRUCTURE at several small values of K
and then we looked for additional substructure on partitioned datasets during a second 
K was set to 
vary between 1 and 8 and only the smallest values were discussed (from KK
The clustering solution given for K
partitioned datasets that were subsequently analyzed in a second round of STRUCTURE 
with KK value 
was then selected for each partitioned dataset based on the plot of LnP(D) (the logarithm 
of the likelihood of observing the data) as a function of K (Pritchard et al.
           
data (Pritchard et al.K
-
-
SSC) was used to pool runs belonging to the same mode (i.e., SSC
(Jakobsson et al.

2-7) Estimation and distribution of genetic diversity 
Genetic diversity analyses focused on gene diversity (He), allelic richness (Ar(g)) and pri-
vate allelic richness (Ap(g)). A rarefaction method (Petit et al.
estimates of Ar(g) and Ap(g) independently of the sample size, with g representing the mini-
mum number of genes observed at one locus in one of the samples (i.e. twice the number 
of genotypes). These computations were done for g   Mic22 for MON) or 
66 (Mic22 for Catalonia), depending on whether the samples or the 4 regional clusters 

ArST(g) was computed for g-
ness among samples (Petit et al. et al.
also used to compute Ar(22) and Ap(22) for each sample and Ar(66) and Ap(66) for each cluster. 
Computations of HeAr(66) values between 
each cluster were done using pair-group comparisons and the one-sided probability test 

The occurrence of deviation from mutation-drift equilibrium linked to recent demographic 
events and affecting the genetic diversity within samples was tested using BOTTLE-
 et al. The expected heterozygosity under mutation-drift equi-
librium was computed for each locus considering a two-phase model (TPM) (Di Rienzo
et al.-
et al.
between He and Heq was then tested using the Wilcoxons signed rank-test. 

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
3) Results 
3-1) Loci characteristics

allele dropouts was found in the whole data set. All loci were polymorphic in all popula-
tions. Total numbers of alleles ranged between 7 for Mic13 and 67 for Mic27, with a mean 
Mic13
Mic26Mic13 Mic27. Mean 
Mic23
and COR9bis
among loci was detected considering overall samples (all P
3-2) Deviations from Hardy-Weinberg equilibrium

implying different pairs of loci and different numbers of pairs of loci (from 1 for CAR 

FIS estimator (f
f val-
Mic20 for PDA to 1 for Mic13 for PDA, MON and TRM and 
for Mic25f values varied between loci and samples. Whereas 
all fCOR9bis, Mic26 
r) values over all loci by 


and the LD reported in ten samples. 
3-3) Population structure analysis
FST, IBD and AMOVA
Global FSTFST between all pairs of samples ranged from -0.001 

-
alized differentiation between samples. FST
to the same site and depth but to different environments, and separated by less than ten 


same site and depth but to different environments (interior cave vs. cave entrance). 
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Table 3-3: Measures of genetic diversity for 40 shallow samples of Corallium rubrum based on 10 micro-
oef and Ap: allelic and private allelic richness, respectively, with rarefaction for a e and eq
o e f Ar Ap Pw10
PDA   0.2   0.1
   0.26   0.14
VIL   0.31   0.01
TRM   0.37  0.05 (0.1) 0.01
CAS  0.76 (0.16) 0.28  0.04 (0.08) 0.02
FIE   0.36  0.16 (0.41) 0.14
FII   0.41   0
GC  0.71 (0.18) 0.31   0.01
GRC   0.47   0.01
IML   0.38   
   0.41   
RIE   0.21  0 (0) 0.02
RII   0.35   
PLA   0.37   
GPE  0.75 (0.18) 0.37   0
GPI  0.75 (0.17) 0.35   0.05
PHA   0.32 6.85 (4)  0.01
TFR   0.33  0.11 (0.18) 
   0.38   0.01
CAR   0.27   0.1
  0.77 (0.16) 0.33   0.02
  0.76 (0.16) 0.44  0.04 (0.06) 0.1
PUA  0.75 (0.17) 0.25   0.01
PPA   0.23   0.1
PZU  0.7 (0.18) 0.34  0 (0.01) 
PZP   0.21   
GGU  0.74 (0.18) 0.3  0.11 (0.17) 
CDP   0.37   0.14
BCA   0.25   
   0.37   
BAN  0.8 (0.1) 0.29   0.61
SRE   0.42   
  0.76 (0.17) 0.26   
 0.54 (0.18) 0.76 (0.16) 0.3  0.06 (0.1) 0.01
CDR   0.28  0.04 (0.07) 0.01
  0.75 (0.16) 0.27   0.01
BER  0.76 (0.14) 0.27  0.05 (0.14) 0.05
XIC  0.74 (0.17) 0.2  0.1 (0.16) 0.01
   0.22   0.08
LPP   0.31   
Mean 
Value 0.51 (0.05) 0.74 (0.04) 0.32  
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The correlation between FST/(1-FST) and Ln(dusing Euclidian distance 
(rLndp < 0.001) or taking into account major surface currents between regions 
(rLndp < 0.001

the Catalonian clusters (rLnd PLnd P < 0.01) but not for the Corsi-
can cluster (rLnd P 
a) 
b)
Figure 3-2:              
downstream distances between regions along the path of the predominant surface current and b) within 
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regressions, respectively.
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
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

P
Table 3-4: 
a) on the whole dataset partitioning genetic variance among Corallium rubrum colonies, among samples 
within cluster and among clusters 
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Clustering with STRUCTURE
-
graphical boundaries for KK
    
-


different clustering solutions were observed. Based on likelihood criteria, the retained 
mode separated samples into four clusters that respected the four geographical regions, 
with the exception of POR (Corsica), which was pooled with the Catalonian samples. 
Samples with a mixed assignment among the four clusters (POR, PDA, BAN and SRE) 
were assigned to the cluster with the highest mean assignment scores. Each of these 
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Grouping based on 
Structure results for 


cluster Corsican cluster Catalonian cluster
Source of variation df
% of 
variance P df
% of 
variance P df
% of 
variance P DDL
% of 
variance P
Among clusters   <0,01
Among samples within 
cluster  6.7 <0,01  7.8 <0,01 6  <0,01 8  <0,01
Among individuals within 
samples   <0,01     551 
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PZP and BCA belonged to one cluster, and each of the remaining samples represented 
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sented one cluster. BAN and SRE were grouped together. NOR was isolated in its own 
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

clusters are very small. 
Figure 3-3:            
individual is represented by a vertical line partitioned into K-colored segments that represent the indivi-
duals membership fraction in K clusters. Each sample is delineated by black vertical lines and named as in 
-


4-Balearic cluster).
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Structuration et diversité génétique des populations de surface de corail rouge
3-4) Genetic diversity analysis
There were on average 7.4 alleles per polymorphic locus and per sample, considering 
ArS(22)). At the global level, the mean ArT(22)
locus, resulting in a high ArST(22)FST

clusters. The Balearic cluster showed the most important private allelic richness (Ap(66)), 

   
Ar(66)He val-

Catalonian and the Balearic cluster respectively. Only the pairwise comparisons involv-

this cluster.
Ar(22) and 
Ap(22)
Ar(22) was highly correlated with gene diversity (R-spearman: 
PR²Ap(22)P
R²
Based on the Wilcoxon signed rank-test, recent changes in the effective population size 

compared to the mutation-drift equilibrium, revealing a putative population expansion 
(see discussion below). 
4) Discussion
4-1) Distribution of genetic diversity from global to sample scale with a focus on the 
Balearic region 


whole, the levels of gene diversity were high, and they were globally higher than those 
reported previously for the same species (Costantini et al.He by samples 
over loci: 0.77 vs. 0.50 and mean He-
ably due to differences in the number and identity of loci, since the two loci used in both 
          
range of those previously reported for octocorallian species (e.g., Corallium lauuense, 
He from Acropora 
palmata, He from 0.58 to 0.85 (Baums et al.
This high genetic diversity is not homogenously shared, since only 16.8% of alleles were 

Chapitre 3

between global ArST(g) and FST values, highlighting the fact that rare alleles tend to be 
clustered only in some samples (Comps et al. 
status of the Balearic region previously suggested (Costantini et al.-
He and Ar(66)Ap(66)
was found to be two times higher for this cluster when compared to the other clusters. 


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of Posidonia oceanica as genetic suppliers for the surrounding populations. Two non-
exclusive hypotheses can be formulated to explain the high genetic diversity observed 
for the Balearic populations of P. oceanica and C. rubrum, despite their divergent life 
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that induce highly variable hydrological conditions (García et al.
could have led to the frequent mixing of different gene pools from the south and the north 
of the islands, contributing to the high level of observed genetic diversity (Rozenfeld et 
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are usually followed by an important decrease in genetic variability away from refugia 
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for the Balearic cluster could result from the geographic proximity between the Balearic 
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neity is not linked to depth or to the habitats of the samples, suggesting that these factors 
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and private allelic richness are not correlated, the highest values were observed for two 
samples coming from the Balearic region. The independence between these two param-
eters underscores their complementarities and the necessity to estimate both of them. 
Moreover, focusing more precisely on these two parameters is essential to ensure that the 
widest range of existing alleles is available for future evolution (Bonin et al.
bottleneck analysis detected signs of population expansion (i.e. a 
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This confounding effect could therefore partially explain the observed results, since 
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sity inducing inaccurate inference on recent demographic events has been observed in the 
case of long-lived species (Lippé et al. 

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occurred (Leblois et al. 
4-2) Population relationships 
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model of dispersal previously proposed (Costantini et al.-
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ture pattern that followed the geographical partitioning of the samples, and potentially 
also the distribution of suitable habitats (e.g. bathymetric barrier between Corsican and 
Balearic clusters or absence of rocky habitats between Catalonian and Liguro-Provencal 
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Two non-exclusive hypotheses could be proposed to explain this result. Microsatellites 
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
the markers used show a high level of heterozygosity (Estoup et al.
with our dataset.
The weak regional genetic structure may also be explained by a putative inter-regional 


retention of an ancestral polymorphism that could be enhanced by longevity (Lippé et al.


  




C. rubrum is estimated to reach sexual maturity at approximately 
10 years of age (Torrents et al.  
et al. 

generations, highlighting the relatively recent origin of these shallow populations, and 
potentially explaining the low genetic divergence observed between regional clusters. 
Chapitre 3
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The within cluster analysis emphasized the different structure patterns among the three 
studied regions. The subdivision of samples was indeed stronger for the Corsican than for 

the total genetic variation observed among samples. This is in agreement with the stronger 
mean assignment of individuals for the Corsican and the Liguro-Provencal clusters than 



r 
Pthe wide range of the scatterplot observed for the regression model sug-
gest a stronger impact of genetic drift in this cluster compared to the other ones, where 
   
shown, despite these clinal variations, STRUCTURE results suggest a putative barrier to 



4-3) Evolutionary hypothesis and consequences for conservation and management 
plans 
The results presented above allow us to suggest an evolutionary scenario to explain the 

we argue that recolonization from LGM refugia probably occurred mainly following a 
gradual process. Regarding the generation time of the species, this process is likely to 
have been recent, potentially inducing the retention of ancestral polymorphisms and the 
weak regional structure observed. At the same time, the differential reproductive success 
(Costantini et al.
genetic structure coupled with high heterogeneity in the distribution of nuclear genetic 
diversity. Small-scale studies with known spatial locations of individuals, designed to 
et al.
to evaluate the effective size of red coral populations (e.g. Calderon et al.  
needed to test these different hypotheses. Analyses of populations from the Algerian basin 
and from deep habitats, such as below sea level during the LGM, should also help to 


management of shallow populations of C. rubrum. Because of their slow dynamics, the 
recovery of red coral populations from environmental disturbances should be measured 
in decades (Garrabou et al. 
between nearby samples implies that this recovery should be mainly due to self-recruit-
ment. The genetic diversity results obtained at different spatial scales correspond to a 
baseline for monitoring genetic consequences of actual global changes (Schwartz et al.
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 C. rubrum. They also represent a new step in the con-
servation of the red coral, since they allow the targeting of particular samples that need 


three levels of biodiversity that need attention in regards to conservation (McNeely et 
al.
Conservation of the putative adaptive diversity 
and evolutionary potential require preservation of the natural network of genetic connec-
tions existing between populations (Crandall et al.
changes and harvesting could induce selective genetic changes (Allendorf et al.
and the extinction of local populations in the near future (Garrabou et al.
-
tern. Protection and management plans for shallow red coral populations should therefore 
concomitantly address measures at local and global scales. 
              

  
-
toration programs could also be planned to help the recovery of local populations (Linares 
et al.
these restoration programs must consider putatively strong local adaptation (Lenormand 
et al.
et al.

st century predict a dramatic increase in the frequency of 
et al.
populations of Corallium rubrum. Considering the ongoing warming, global conserva-
tion actions must be focused on the reduction of harvesting pressure. The necessity to 
promote large areas of harvesting exclusion on shallow habitats (0-60 m) must therefore 
be seriously considered through international concerted actions.
Chapitre 3
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SUPPLEMENTARY MATERIAL
The following issues are addressed:
 Development of microsatellite loci. 
        
3-S1). 
 Multilocus and monolocus values of Fis estimator (f) computed for 
each samples: Table 3-S2.
 Pairwise Fst values: Table 3-S3 a and b.
 STRUCTURE plots: Figure 3-S1.
S1) Development of microsatellite loci

Size-selected genomic DNA was ligated into SAULA/SAULB-linker and enriched by 
magnetic bead selection with biotin-labeled (GT) and (GATA)8 oligonucleotide repeats 
(Gautschi et al. et al.
150 gave a positive signal after hybridization. Plasmids from 115 positive clones were 

Mic22, Mic23, 
Mic24, Mic25, Mic26 and Mic27. A second enriched library for the common repeat CA 

-
http://frodo.wi.mit.edu/). After tests of electro-
Mic13, 
Mic20
level of null alleles of these microsatellites (Costantini et al.

pairs were retained for population analysis: COR9bis and COR46bis, corresponding res-
pectively to loci COR9 and COR46 of Costantini et al.
change was observed between results obtained using the two primer pairs for the COR9 
locus (r around 0.4 in both cases), the use of COR46bis resulted in an important decrease 
in null allele frequency (0.05 vs. 0.4). Ten new microsatellite loci (Mic13, Mic20, Mic22, 
Mic23, Mic24, Mic25, Mic26, Mic27, COR9bis and COR46bis) were therefore isolated 
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and used for population genetics analyses of Corallium rubrum.

S2-1) Simulated dataset




-
lation was set to 1000, and ten loci were simulated with the uniform Kam model of evolu-




  -
tions on the same order of magnitude as those observed in the real dataset were chosen 
ST

        
 
deleted from the dataset. Consequently, heterozygotes carrying the null allele became 
homozygotes for the alternative allele, and homozygotes for the null allele became null 


or without separated alpha values between clusters and with the correlated allele fre-



was conducted on a partitioned dataset based on the most likely solution of the preceding 
round.
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Structuration et diversité génétique des populations de surface de corail rouge

-
related allele frequencies with the same alpha or with separated alphas) gave good results 

   -
-
gos, whereas the second round differentiated between the two populations inside each 
thST values (mean value over the 

ST values between archipelago 
  ST value between 

admixture allowing for separated alpha values between clusters and for correlated allele 
frequencies among them was chosen.
Chapitre 3

Table 3-S2:f

Samples 
Names
Multilocus f 
values
Monolocus f values
Mic13 Mic20 Mic22 Mic23 Mic24 Mic25 Mic26 Mic27 COR9bis COR46bis
PDA 0.2 1   0.45 -0.07 0.4  0.13 0.48 -0.1
MON 0.26 1  0.66 0.41 0.17  0.17  0.57 0.04
 0.31 0.75  0.49 0.56 0.05 0.66  0.07 0.65 0.11
TRM 0.37 1  0.54 0.73 -0.06 0.58 0.1 0.04 0.87 0.08
CAS 0.28 0.62 0.06 0.31 0.26  0.57  0.19 0.79 
 0.36 0.43  0.38 0.83 0.07 0.6 0.05 0.47 0.71 
 0.41 0.79  0.59 0.55 0 0.53  0.49 0.69 
GC 0.31 0.92 0 0.55 0.72  0.32  0.11 0.67 0.1
GRC 0.47 0.94  0.94 0.51 0.11 0.57 0.08 0.41 0.72 
 0.38 0.91 0.1 0.66 0.82 0.11 0.51 0.01 0 0.73 0.05
 0.41 0.84 0 0.8 0.93 0.08 0.6 -0.05 0.12 0.76 -0.01
 0.21 0.92  0.66 0.81  0.51 -0.05 0.21 0.48 
 0.35 0.72 -0.11 0.76 0.71  0.5 -0.04 0.16 0.67 -0.01
PLA 0.37 0.82  0.51 0.72 -0.05 0.9 0 0.27 0.65 0.01
GPE 0.37 0.54 -0.1 0.71 0.83 0.05 0.8  0.07 0.77 0.06
 0.35 0.91  0.38 0.31  0.71 -0.08 0.47 0.68 0.06
 0.32 0.88  0.41 0.8  0.72  0.14 0.5 0.11
 0.33 0.66 0 0.68 0.53 -0.05 0.8  0.04 0.83 0.06
GCO 0.38 0.74 0.06 0.64 0.89  0.62 -0.04 0.13 0.91 0.17
CAR 0.27 0.93 0.16 0.77 0.85 0.05 0.2 -0.04 0.08 0.49 -0.06
CRO 0.33 0.57 -0.05 0.88 0.54 0.32 0.54 -0.04 0.01 0.7 
PON 0.44 0.69 0.46 0.81 0.61 -0.1 0.82 -0.05 0.55 0.62 0.29
PUA 0.25 0.59 -0.06 0.16 0.11 0.04 0.57 0.11 0.08 0.89 -0.06
PPA 0.23 0.93    0.04 0.32  0.16 0.68 0.05
PZU 0.35 0.48  0.1 0.26  0.48 0.05 0.66 0.88 0
PZP 0.21 0.57 -0.06 0.16   0.46 -0.06  0.58 
GGU 0.3 0.87  0.16 0.59 0.07 0.4  0.05 0.71 0.06
CDP 0.38 0.19 0.63 0.67 0.27 0 1 0.05 0.17 0.68 
BCA 0.25 0.59  0.11 0.39  0.63   0.92 0.04
POR 0.37 0.58 -0.07 0.93  0.07 0.58  0.25 0.79 -0.01
BAN 0.28 0.56 0.08 0.66 0.5 0.1 0.44  0 0.71 -0.06
SRE 0.42 0.9  0.77 0.64 0.04 0.68  0.62 0.56 0.1
NOR 0.26 0.77 0.01 0.79 0.11  0.39   0.8 0.07
POT 0.3 0.62 0.18 0.35 0.45 -0.07 0.24 0.14 0.38 0.59 0.07
CDR 0.28 0.64  0.2 0.66  0.1 -0.04 0.34 0.66 -0.05
 0.27 0.37 0.11 0.37 0.58 -0.04 0.05 -0.05 0.59 0.74 -0.05
BER 0.27 0.12 0.68 0.46 0.44 -0.06 0.2 -0.04 0.39 0.6 -0.06
 0.2 0.31 0.06 0.35 0.4 -0.04 0.28 -0.06 0.33 0.57 
 0.22 0.07  0.86 0.08  0.14   0.85 
LPP 0.31 0.3  0.64 0.17 0.19 0.62  0.14 0.86 0.14

Structuration et diversité génétique des populations de surface de corail rouge
Table 3-S3a:  ST            
        
D-Catalonian region.
Table 3-S3b:ST


VIL
MO
N
PD
A
GC
GR
C
GP
E
GP
I
PL
A
RIO
RIE
RII
FII
FIE
PH
A
IML
TF
R
CA
S
CR
O
CA
R
PO
N
TR
M
GC
O
PZ
U
PO
R
CD
P
PZ
P
BC
A
PP
A
PU
A
GG
U
NO
R
XIC
PO
T
CO
V
CD
R
BE
R
SR
ED
BA
N
FO
R
LP
P
VIL
0.1
13
0.1
55
0.0
88
0.0
78
0.0
8
0.0
77
0.0
73
0.0
68
0.1
26
0.0
81
0.0
76
0.0
82
0.1
24
0.0
7
0.1
21
0.1
0.0
87
0.1
31
0.0
73
0.0
98
0.0
91
0.1
65
0.1
81
0.1
48
0.1
47
0.1
18
0.1
41
0.1
19
0.1
35
0.1
15
0.1
03
0.1
07
0.1
12
0.1
55
0.0
99
0.1
12
0.1
08
0.1
3
0.1
14
MO
N
8.5
1
0.1
47
0.1
16
0.1
11
0.0
96
0.1
0.0
88
0.0
83
0.1
61
0.1
02
0.1
45
0.1
08
0.1
54
0.0
74
0.0
73
0.1
28
0.1
31
0.1
93
0.1
18
0.1
31
0.1
51
0.1
96
0.1
69
0.1
68
0.1
63
0.1
4
0.1
48
0.1
45
0.1
49
0.1
43
0.1
17
0.1
08
0.1
16
0.1
52
0.1
1
0.1
05
0.1
2
0.1
45
0.1
47
PD
A
166
.38
158
.53
0.1
51
0.1
2
0.1
28
0.1
16
0.1
07
0.0
87
0.1
93
0.0
98
0.1
39
0.0
9
0.1
75
0.1
01
0.1
12
0.1
15
0.1
28
0.1
96
0.1
13
0.1
16
0.1
27
0.1
32
0.1
51
0.1
6
0.0
92
0.0
99
0.1
29
0.0
92
0.0
98
0.1
19
0.0
9
0.0
87
0.0
87
0.1
38
0.0
77
0.1
34
0.0
93
0.1
34
0.1
48
GC
198
.16
206
.67
357
.72
0.0
15
0.0
76
0.0
63
0.0
51
0.0
44
0.0
61
0.0
37
0.0
84
0.0
77
0.1
36
0.0
26
0.1
09
0.1
01
0.0
71
0.1
71
0.0
59
0.0
93
0.1
08
0.1
89
0.1
47
0.1
62
0.1
61
0.1
19
0.1
57
0.1
26
0.1
48
0.1
26
0.1
11
0.0
96
0.1
09
0.1
38
0.0
94
0.1
34
0.1
14
0.1
35
0.1
15
GR
C
198
.24
206
.75
357
.83
0.0
9
0.0
8
0.0
59
0.0
43
0.0
29
0.0
83
0.0
21
0.0
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Figure 3-S1: Logarithm of the likelihood values as a function of the number of cluster K. Likelihood values 
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Structuration et diversité génétique des populations de surface de corail rouge
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Chapitre 4
Structure génétique à petite échelle 
géographique et inférences sur la biolo-
gie des populations du corail rouge
« Où il est question de colonies de corail rouge, de photogrammétrie et de microsatellites, de 
structure génétique spatiale entre individus, de taille de voisinage et de dispersion ecace, 
d’unité de reproduction, de colonies sexuellement matures ou pas, de leur relation de paren-
té, de reproduction multiple, de consanguinité, de structure génétique temporelle et d’un 
eet de dérive génétique, de biologie des populations et bien entendu de conservation. »
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
1) Introduction
The population     -
tion boundaries and, consequently, inferences on their biology are not straightforward 
and depend on whether the adopted paradigm is ecological (focused on demographic 
cohesion) or evolutionary (focused on reproductive cohesion) (see Waples & Gaggiotti 
et al.
problematic in marine species (Tracey et al.et al.
-
et al.-

panmixia (i.e. random union of gametes) and non-overlapping generations (Whitlock & 

-
         
the spatial and temporal continuity of populations are still debated in the marine realm, 


           

for reproductive strategies and on demographic interactions between individuals (Ronce 


Nb

-
tions of Nb are in good agreement with demographic ones (e.g. Broquet et al.
method has often been used in studies on terrestrial plant or tree species (e.g. Born et al.

and inference of the extent of the main genetic interactions between continuously distrib-
-

-
trast, only a few studies of SGS have been conducted in the marine realm, and therefore, 
we still have little understanding of the scale at which SGS may occur in this environment 

reproductive biology, including clonality (Calderon et al.et al.
et al.et al.
outcrossing species has not been investigated so far.
-

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tion in the marine realm (e.g. Calderon et al.-
-
ential contributions of the distinct generations involved in a given reproductive event 
(Dupont et al.
step towards characterizing recruitment variability (Selkoe et al. 

The red coral, Corallium rubrum, is a long-lived sessile octocorallian species with a 
    
semi-dark to dim light rocky benthic habitats such as caves and coralligenous overhangs 
et al.
et al.
populations (5-50m depths) were recently affected by mass mortality events putatively 
linked to positive thermal anomalies due to climate change (Garrabou et al.Coral-
lium rubrum is a gonochoric (Lacaze-Duthiers 1864), brooding species with an annual 
  et al.-
et al.
maturity is reached at approximately 10 years of age (Torrents et al.
-
gelo et al.
with internal fertilization. Spermatozoa released into the environment by sire colonies 

          
a lecitotrophic planula larva is released. The following larval phase extends between 4 
in aquaria 
-
-
lowing text. These characteristics were formally demonstrated using genetic approaches 
that highlighted a strong pattern of differentiation between sites separated by ten meters 
et al.et al.

et al.et al.
et al.et al.
of null alleles, inbreeding and spatial or temporal Wahlund effects could be responsible 

meter. Nonetheless, an accurate characterization of the ecological and evolutionary forces 
acting at this scale is still lacking. 
Coral-
lium rubrum. We put particular emphasis on the characterization of local dispersal (i.e. 
acting within site) occurring during the gamete and larval phases. We conducted our study 
on an area of approximately half a square meter, a scale that has only rarely been investi-
Chapitre 4
100
Botryllus schlos-
seri-

-

4) to analyze the kin structure of the sample and, therefore, characterize some aspects of 
the reproductive biology of the red coral. Our results showed the occurrence of SGS over 
the small area investigated (i.e. < 1 m
us to discuss a number of features of the population biology of Corallium rubrum. These 
results also have important implications for the evaluation of the capacity of the red coral 

2) Material and methods
2-1) Sampling and photogrammetric methods
We exhaustively sampled (see Ledoux et al.

the Grotte Pérès (). This cave is characteristic of 
disturbed and harvested shallow sites with a high density of small colonies (Linares et al.


mainly considering the feasibility of sampling. To map the colonies, we used underwater 
high-resolution photographs obtained using a Nikon D70 camera with housing and two 
 
into the rock at the site with epoxy putty, forming a grid on the sampling area. Photo-
) were taken with a high degree of overlap to ensure 
that several photographs covered different areas but showed the same permanent marks.
They were analyzed with photogrammetric methods, which allow for a precise acquisition 
of spatial data compared to classical in situ measurement methods (Bythell et al.

system using the position of the permanent marks. Second, we determined the position of 

between colonies. We also measured the maximum diameter and height for each colony 
-
      

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Figure 4-1: a) Location of the Grotte Pérès. b) Map of the sampled colonies of Corallium rubrum in 
) and 56 



linked by ancestor-descendant relationships to test kinship and temporal genetic struc-
           
colonies and then estimated ages of the mature ones. A colony was considered sexu-

following Torrents et al. 
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Chapitre 4




mature colonies that had unambiguous diameter measurements. This ageing technique 
was possible because a positive correlation exists between diameter and the age of the 
colonies (Marschal et al.the growth rate in the diameter of mature colo-
-1) that was previously estimated (Torrents 
et al.
colonies were determined, we divided them in two stage-classes based on two criteria: 
           et al.   

et al.
non-mature colonies (i.e. 0 to 10 years old), stage-class 1 (C1) corresponded to recently 


-

to stage-classes 0 and 1.
2-3) Microsatellite genotyping 
DNA extractions were carried out following Ledoux et al. -
et al.
The two remaining loci, COR48 and COR58 
following Costantini et al.
min and were multiplexed before electrophoresis. 

Because some colonies were closely related in space, inducing putative multiple sam-

number of different individuals or multilocus genotypes in our sample. We computed 
the unbiased probability of identity (PID
the sample share the same multilocus genotype by chance and not by descent. Thus, the 

genotypes (see results). 
2-5) Locus characteristics and Hardy-Weinberg equilibrium
r) were estimated for each locus by the expectation maximi-
zation algorithm (Dempster et al.   
Na), observed (Ho) and unbiased expected heterozygo-
sity (He

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We tested the null hypothesis of linkage equilibrium for each pair of loci in the sample 
with an exact test. Departure from panmixia was tested for each locus and for the whole 


f estimator of FIS
was computed for each locus separately and for all loci. Computations were done using 
GENEPOP 4.0 (Rousset 
2-6) Genetic homogeneity of the sample
We tested for the occurrence of major temporal or spatial genetic discontinuities in the 
sample using the Bayesian clustering method implemented in STRUCTURE (Pritchard 
et al.-
et al.

We further looked for temporal structure by testing genotypic differentiation between 

addressed using an MC algorithm with default parameters. We then performed analyses 
et al.
-
viduals), among colonies within stage-classes (i.e. among individuals within groups) and 
-
tations of the original data. 
2-7) Spatial genetic structure and demographic parameters
Spatial autocorrelation
The genetic distances between individuals were estimated using Roussets genetic dis-
tance ê (Watts et al.
distance between colonies (ln(d)    
slope (bL(d)) was obtained using a non-parametric bootstrap procedure (DiCiccio & Efron 
et al.
permutations.
-
sively including pairs of individuals separated by increasing distances, arbitrarily choos-
  
distance classes ranging from 0-84 cm (i.e. the maximum distance value between indi-


individual locations were, therefore, permuted (N5000) using the resampling procedure 

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Demographic parameters: neighborhood size and gene dispersal estimates
Nb can be approximated as Nb = 4De2g, where 
De is the effective density, and 2g
directly linked to the slope of regression between ê and ln(d) because Nb bL(d) (Watts 
et al.-
retical assumptions (i.e. sampling over a 10gg
g is robust to departures 
from most of the model assumptions, such as the sampling scale or homogenous and 
constant effective density. Therefore, the regression based on the whole dataset was used 
to compute a moment estimate of g. De was approximated based on the relationship De 
DNe/ND is the census density of mature individuals, 
and Ne and N are the effective and the census population sizes, respectively. We sampled 
75 different colonies on an area of 0.48 m and, therefore, approximated the total density 


. Because Ne/N is unknown for Corallium rubrum, we adopted two different values 
considering that all or only 50% of the mature colonies were involved in the reproductive 
effort (i.e. De D or De D ). Despite the 
fact that these values were probably overestimates at the species level, we considered that 
they were relevant at the studied scale.
2-7) Kinship structure
We analyzed the relationships between individuals and characterized some parameters of 


-
lated, half-sibling, full-sibling and parent-offspring. The method uses a group-likelihood 
ratio to partition individuals into full- and half-sibling families accounting for genotyping 
errors. Because age estimates based on diameter size were not available for all colonies, 
the analysis focused on the colonies belonging to stage-class 0 and stage-class 1 during 
-




et al.

kinds of errors, such as miscalling or false alleles, was evaluated on a larger dataset based 
on extraction and genotyping replicates of 100 individuals (Ledoux et al.-
med polygamous mating systems for both males and females and used the full-likelihood 
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
the robustness of our results. To ensure that convergence was obtained, only relationships 

We then compared the geographic distance for each category of relationship (parent-offs-
pring, half-sib and unrelated) using a non-parametric Kruskal-Wallis test.
-

3) Results

Three multilocus genotypes were shared between eight colonies that were closely related 
-16. Shared genotypes were considered 

75 different multilocus genotypes. 

  

measures were considered accurate enough to assign the corresponding colony to a stage-


3-3) Locus characteristics and Hardy-Weinberg equilibrium
Null allele frequencies ranged from 0 for Mic26 and Mic24 COR58, with a 

   
    


alleles (i.e. r < 0.15 see Table 4-1) were considered (not shown). 
Mic13
for Mic27
Mic13Mic26, (mean 
Mic13Mic27, (mean 
Mic20-Mic22) was in linkage disequili-
FIS
Mic20, to 0.80, for Mic13. Deviation from panmixia was observed for nine out of the 
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FIS estimator 
P < 0.001).
Table 4-1: Locus characteristics: Na rHo: observed HefFIS
3-4) Genetic homogeneity of the sample
We assumed that there was no major genetic discontinuity in our sample because only one 



Pairwise genotypic differentiation tests between the three stage-classes were marginally 
PP < 0.05) with low 
FST     


were found within colonies and among colonies within stage-classes, respectively. All 
P
Na r Ho He f
Mic13    0.47 0.80*
Mic20 7  0.57  
Mic23 10    0.70*
Mic24  0  0.71 
Mic22 5   0.75 0.56*
Cor46bis  0.08 0.71 0.8 0.10*
Mic25 10 0.5  0.81 0.68*
Cor48 14 0.11 0.66 0.86 
Cor58    0.86 0.77*
Cor9bis   0.47  0.47*
Mic26  0   
Mic27   0.88  0.05*
Mean 
value   0.5 0.77 
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Table 4-2: Temporal genetic structure: a) Pairwise genotypic differentiation between the three stage-
classes: FST and P
-
P: P
a)
b)
3-5) Spatial genetic structure and demographic parameters
The slope of the regression between genetic and geographical distances was equal to 
P




         
g 
De  D or De0.5*D
Table 4-3: Summary statistics for the linear regression analysis between geographic (ln(d)) and genetic (ê) 
distances between pairs of colonies of Corallium rubrum and related demographic parameters with their 

 C0 C1 
C0  0.004* 0.06
C1 0.018  0.004*
 0.001 0.018  
Source d.f. % P
Among stage-classes  1 0.017*
Among colonies within stage-classes 46  0.001*
Within colonies   0.001*
Computed 
value

interval
Slope  
 0.041
Nb (individuals) 75 
g (cm) for De  
g (cm) for De
60 colonies/m²  
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Figure 4-2: Linear regression between the geographic (ln(d)) and the genetic (ê) distances between pairs 
of colonies of Corallium rubrum.
3-6) Kinship structure
Over the 171 dyads considered in each stage-class analyzed, bearing in mind that we 
 

was observed. The resulting pedigrees showed that 15 and 16 colonies were kin-related, 


-
date parents were inferred for C1. These results demonstrated the occurrence of a half-sib 
family structure. Accordingly, each putative mother or father was assumed to have been 

         
(Kruskal-Wallis test: HP < 0.05), showing an increase in distance from 


y = 0.013x - 0.041 R2 = 0.0037
p < 0.01
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Figure 4-3:

4) Discussion
-
poral genetic structure between individuals over half a square meter in Corallium rubrum. 



4-1) Spatial genetic structure and gene dispersal
We demonstrated that proximate colonies are more genetically alike than colonies fur-

distance within a site of sessile marine organisms has already been reported in a number 
of species (Crambe crambe Calderon et al.Seriatopora hystrix Underwood et al.
Scopalina lophyropoda Blanquer et al.
-
choric and strictly outcrossing species. Accordingly, this reinforces the view that restricted 
dispersal of larvae is more common than was previously thought based, for example, on 

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
on this result, we analyzed the local dispersal of the red coral. The two considered val-
ues of De led to comparable estimates of the mean axial parent-offspring distance (g), 

larval dispersal distance for the red coral, experiments in aquaria have suggested a low 


are also concordant with previous genetic studies that have suggested that most of the 
dispersal of the red coral takes place at less than ten meters (Costantini et al. 
Ledoux et al.-
tebrates using direct or indirect approaches (e.g. Balanophillya elegans  < 50 cm (Ger-
Botryllus schlosseri g Crambe crambe g 
et al.et al.
         
abilities have been inferred using a genetic approach in a strictly outcrossing species. 



the restricted regression analyses. Because this dispersal parameter encompasses disper-
sal of both the gamete and larval phases, we contend that breeding units of Corallium 
rubrum in the Grotte Pérès are highly restricted in space and approximately correspond 
to the sampled surface. Although a given value of ² can correspond to different dispersal 
distributions (Leblois et al.
-
tral role in their biology. 
4-2) Local pedigree, mating system and recruitment
The occurrence of a unique breeding unit within our sample is in accord with the genetic 
 
   
only one putative migrant. As expected in the case of SGS, our results revealed the occur-
rence of a local pedigree. This breeding unit is composed of half-sib families, likely 
et 
al.et al.

and 1, 81.5 % of the colonies were linked by half-sib relationships. Moreover, these two 
       
    

family structure has been characterized in a sessile marine species.
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The half-sib family structure revealed by our analyses demonstrated the occurrence of 
-
gonians, multiple mating combined with accumulation effects (i.e. long time-averaged 

et al.Pseudopterogorgia elisabethae). The absence of mass spawning, the asyn-
        
could be consistent with an accumulation effect in Corallium rubrum. Combined with the 
multiple mating demonstrated by our study, these life history traits could, thus, enhance 
fertilization success. Additional experiments, such as parentage analyses using aged and 
sexed individuals, are required to further test this hypothesis.
The observed kin structure also suggested the occurrence of biparental inbreeding (i.e. 


et al.Fx-
FIS 
     

et al.
necessarily prevent its occurrence at a larger scale (Costantini et al.
et al.
Subtle genetic structure was observed between the analyzed stages-classes (mean FST
             

          
 et al. 
temporal genetic structure results from a sweepstake effect (i.e. a random reduction of 
the effective population size), which promotes local genetic drift over short periods of 

high postrecruitment mortality observed in Corallium rubrum 

-

to disentangle these factors and to allow accurate estimation of effective population size 
variation.
Considering the low level of biparental inbreeding and the low temporal Wahlund effect 
due to the temporal genetic structure, the high FIS value observed in the sample can be 
explained mainly by the presence of null alleles. At larger sampling scales, in addition to 
previous hypotheses (Costantini et al.
(Pudovkin et al.
et 
Chapitre 4

al.et al.et al.
4-3) Implications for conservation and future directions
Our results have important implications for the conservation of the red coral. The occur-
rence of nine parent-offspring dyads shows that self-recruitment appears to be crucial 
in the functioning of red coral populations. Moreover, considering g2 as a measure of 
the speed at which two lineages that derived from a common ancestor move away from 

low power of recolonization of this species. These results complement the conservation 
advice proposed by Ledoux et al.
targeting the preservation of several small patches of colonies would improve site viabi-

dense patches of colonies through transplantation to allow for local recolonization.

evolutionary processes acting within red coral sites and opens several perspectives for 

et al.
this study are likely to be supplemented by some long-distance dispersal as illustrated by 

distance dispersal with local processes highlighted in this study thus remains to be stu-
died. Our study was conducted by pooling all sampled colonies. Therefore, further ana-

(e.g. Kalisz et al.
from a disturbed and harvested shallow cave so our results should be generalized with 
caution. Demographic characteristics of red coral sites, such as density and size structure, 
that respectively affect g2   
et al.
Accordingly, the strength of local dispersal and genetic drift may be heterogeneous and 

focused on neutral variation, the impact of local environmental conditions on these closed 
systems remains to be studied.  
4-4) Conclusion
Though they represent data that are essential for management policies, basic features of 
the population biology of marine invertebrates with sedentary adult and planktonic larval 
 
     et al.   
adapted sampling strategy and a combination of approaches including photogrammetry 
and population genetics, we showed that sites colonized by Corallium rubrum are likely 
composed of small breeding units composed of kin-related colonies that are spatially and 

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temporally structured due to restricted dispersal and low genetic drift. Therefore, our 
results provide new insights  -
ciencies previously observed in this species (Abbiati et al.et al.
et al.. These results also contribute to a broader understanding of the 
microevolutionary processes impacting sessile marine invertebrates, which are often key 
species in biodiversity-rich, but threatened, communities. 
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Acclimatation diérentielle et                 
adaptation locale chez Corallium rubrum, 
une espèce sessile et longévive subissant 
les changements climatiques
Chapitre 5
« Où il est question d’interactions entre les populations de corail rouge et leur environne-
ment, de transplantations réciproques, de calcéine et de croissance en diamètre, d’estima-
teurs de la diérenciation génétique supposée neutre, d’estimateurs de la diérenciation 
phénotypique et de la comparaison des deux, de sélection naturelle et d’adaptation locale, 
d’un jardin commun en pleine nature, d’un stress et même d’une anomalie thermique, de né-
crose et de survie, d’acclimatation diérentielle ou de plasticité phénotypique variable, de 
paramètres de diversité génétique, de dynamique éco-évolutive et donc très certainement 
de conservation. »
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1) Introduction
Global change linked to anthropogenic activities impacts the entire biosphere and induces 
       et al.   



et al.et al.
showed that anthropogenic selective forces can foster contemporary evolution, the evo-


-


processes driven by divergent selection, leading the locally adapted genotypes to have 

-
porary adaptation, local adaptation, acclimatization) will likely mitigate the impacts of 
global change and will therefore be determinant for the future of biodiversity (Skelly 
et al. et al.   -
vide long-term solutions, predicting how a species can cope with environmental changes 
requires disentangling phenotypic (plastic) and genetic (adaptive) responses to selective 
pressures (Gienapp et al.-
fore cannot be reached without taking into account the bidirectional interactions between 
populations and their local environments, otherwise known as eco-evolutionary dynamics 
(Stockwell et al.et al.et al.
et 
al. 
is already 
extensively affected by warming (Lejeusne et al.particularly subject to direct anthro-
pogenic pressures due to its geographical enclosure (Coll et al.-
blishment of tropical marine species (e.g. Sphyraena viridensis, Siganus rivulatus), two 
large-scale mass mortality events (MMEs) concordant with positive thermal anomalies 
(Romano et al. et al.et al. et al. 

two events were particularly dramatic as they impacted hundreds of kilometres of coastal 
habitats over the north-western Mediterranean basin, and affected a high number of hard 
    
et al.et al.
which are prominent components of the biodiversity rich precoralligenous and coralli-
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
the most affected species. The tissue necroses observed in these long-lived and modular 
species during MMEs, were highly variable between individuals belonging to the same 

region, up to 80% of the red coral colonies were affected in some sites, while in other, 
necrosis was observed for only 5 % of the colonies (Garrabou et al. 
warming trend, which could result in an increase of the frequency of positive thermal ano-

et al.
et al.
The present study was focused on Corallium rubrum, an overharvested gorgonian (Bruc-
     et al.      
(Linares et al.

meters (Ledoux et al.
et al.
-
rhangs, which are characterized by contrasted thermal regimes (Bensoussan et al.
Despite its crucial conservation implication (Crandall et al.-
Acropora cervicornis), the impact of selective pro-

experiments combined with population genetic analysis based on microsatellite loci, we 
addressed two main issues in this study. 
-

we investigate the population-environment interactions in Corallium rubrum, with parti-
cular emphasize on local adaptation. To achieve this aim, we performed reciprocal trans-
plant experiments (RTE) between populations dwelling in contrasted environments espe-

in the light of FST - PST comparison. FST estimates neutral genetic differentiation between 
populations whereas PST, which is a phenotypic alternative for QST (estimate of differen-

PST and FST
should be similar. Occurrence of divergent selection between populations is suggested 
when PSTFST whereas a FST greater than PST induces that stabilizing 

Leinonen et al.     PST instead of QST because 
observed phenotypic differences may be the results of plastic responses to environmental 
conditions during organisms development (Pujol et al.
on the considered trait can thus under- or overestimate the true level of quantitative diver-
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
RTE results. Moreover, the impact of these biases on PST - FST comparisons were questio-
ned based on meta-analyses results that showed that studies using information from wild 
phenotypes do not tend to give higher estimates than QST studies (Leinonen et al.
The second issue addressed in this study is based on the differential impacts that the 
MMEs have had on red coral populations. These differential impacts suggest that these 
events may be modulated by physical (e.g. habitat features that could mitigate tempera-
et al.-
  
putative biological factors, a thermotolerance experiment in aquaria demonstrated diffe-

and deep (40 m) habitats separated by around 6 km (Torrents et al.
et al.
in situ the population-environment interactions 
in response to warming. To achieve this aim, we conducted in situ common garden expe-
riment in a warm habitat to induce a thermal stress. We complemented this experiment 
by testing the link between the observed phenotypic responses and the level of genetic 
variation at the sample level. 
Overall, we show that divergent selection could impact differentiation among red coral 
populations. We also demonstrated in situ differential thermal acclimatization capacities 
-

dynamics in the red coral facing the on-going warming. 
2) Material and methods
2-1) Field experiments 
Reciprocal transplant experiment

  




experimental plates. Each experiment included four different treatments corresponding to 
one control (colonies that were kept at the native depth) and one transplant (colonies that 
were transplanted at the foreign depth) per habitat, and two habitats (shallow and deep) 

-

Acclimatation diérentielle et adaptation locale chez Corallium rubrum

the experiment period (see supplementary material for details). These experiments were 

summer season, during which the thermal regimes of the different habitats are the most 
different (Bensoussan et al.
Common garden experiment: 
A 
-
ted to simulate in situ 
from each of these habitats. These colonies were distributed among six experimental 
plates (i.e. three per habitat) and labelled with calcein following the procedures described 


a)
b)
Figure 5-1: a) Location of the two reciprocal experiment localities: Riou and Scandola. b) Experimental 
protocols for the reciprocal transplants conducted in Riou and Scandola (on the left) and for the common 
garden conducted in Riou (on the right). Dashed and solid arrows represent control and transplant treatment 
respectively.
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2-2) Environmental component: Contrasted thermal features 
The two localities and sites within them were chosen based on their different thermal 


et al.-

Bensoussan et al.   

positive thermal anomaly (Bensoussan et al.

2-3) Genetic component: Microsatellite genotyping
      

samples were missing because their small sizes do not allow conducting growth measu-
rements and genetic analyses (see below) or because they were broken during the expe-
et 
al. 
2-4) Phenotypic response characterization
Response variables

material), the level of tissue necrosis (partial mortality) and the survivorship of colonies. 
           

 
measured at the end of the 6-month period. At Riou, we surveyed these two parameters 
two times a week by scuba diving for the two experiments (reciprocal transplant and 
common garden). At the end of the two reciprocal transplant experiments, each colony 
was labelled and divided: a sample was air-dried for the growth rate analysis and the 

the common garden experiment, which suffered extensive partial or total mortality (see 
results), could be not used for growth or genetic analyses. 
2-5) Statistical analyses 
Field experiments





Acclimatation diérentielle et adaptation locale chez Corallium rubrum
5 to 10 colonies analyzed by treatments was considered as response variable used in the 
permutational univariate analyses. The data were considered to represent a fully two-way 

     
observed necrosis for each colony was the response variable analysed by a one-way PER-

factor. These data were subjected to a two factorial and one-way univariate PERMA-


n

et al.
Population genetic analyses
We estimated frequencies of null alleles (r) for each locus and sample by the expectation 
maximization algorithm (Dempster et al.   
Mic26, Mic24 and COR46bis to 
COR58
the following analyses were performed with 7 loci (Mic13, Mic20, Mic22, Mic24, Mic26, 
Mic27, COR46bis), for which the mean ret al.
details).
Departure from panmixia was tested for each sample using the score test for heterozygote 

 f estimator 
of FIS    
done using GENEPOP v.4.0 (Rousset    
equilibrium for each pair of loci in each sample using the permutation procedure (n
et al.
(Ho), gene diversity (He), allelic (Ar(g)) and private allelic richness (Ap(g)) were compu-
       et al.  
method (Petit et al.Ar(g) and Ap(g) independent of 
the sample size. The parameter g corresponds to the minimum number of genes at one 
locus in one of the four samples (i.e. twice the number of genotypes) and was 66. Global 
and pairwise differentiations with or without ENA correction for null alleles (Chapuis 
FST (
and ENA


as implemented in GENEPOP. 
Chapitre 5

Divergence in phenotypic trait and PST - FST comparisons
To get further insights in the results of the RTE, we computed phenotypic divergence 
between samples as PST. PST values were computed over the four samples and between 
, PST was estimated based on analyses of variance fra-

FST (PST²GB /( ²GB+2 ²GW) where ²GB is the among-
samples and ²GW the within-sample variance components for the growth rate of colonies 

the difference between FST and PST

that the relevance of the Lewotin-Krakauer chi2 distribution for PST has not been formally 
-
rence between FST and PST
with a non-parametric bootstrap procedure. We resampled 10000 times over individuals 
maximum growth rates values within each sample to characterize the distribution of PST

www.cse.csiro.au/poptools/). 
FST with or without ENA correction was computed using 10000 bootstraps 

3) Results 

The observed values for growth rate in diameter over the six-month period of the expe-

-

differences in growth rate in diameter considering the depth of the transplantation (P < 
0.01) but not the origin of the sample the origin of the sample (P-
cant interaction between these two factors (P < 0.01) was highlighted. The reaction norm 


suggested the occurrence of local adaptation at this location. 

of the sample (PP
them (P 


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Table 5-1:


a)
b) 
3-2) Common garden experiment
-
ferent for the two samples demonstrating the impact of the common garden habitat (not 
shown). Colonies coming from the deep habitat showed necrosis earlier than those from 


      
that shallow ones (P < 0.01) (Table 5-1b). This result was reinforced by the difference 


garden habitat.
Source of variation Riou Scandoladf MS  df MS 
Origin 1  1.81 (NS) 1  
 1 7.46x10 18.4 ** 1  
Origin X Transplantation 
 1 
 16.58 ** 1 0.01 
Residual  0.41x10  0.44          
Total  
Source of variation df MS 
Origin 1  
Residual 44 
Total 45               
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 a)
b)
Figure 5-2: Results of the reciprocal transplant experiment conducted: a) in Riou: mean maximum growth 

growth in diameter for PZS () and PZD () in the shallow and deep habitat. Bars represent standard error.
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Figure 5-3: Results of the common garden experiment conducted in Riou: evolution of the mean percen-
). Bars represent standard error. The 
-

3-3) Population genetic analyses

considering all samples (all P-
librium was observed in PZD for one pair of loci (Mic22-Mic26
         f
estimator of FIS 
HO) 

heterozygosity over locus (He
Ar(66)
Ap(66)
Ap(66)
equal to 1.78 ± 1.44. The mean Ap(66)
of genetic diversity (He, Ar(66), Ap(66)) and the f estimator of FIS 

The global  and ENA       

%
 N
e
cr
o
si
s
0
20
40
60
80
100
0 15 29 35 42 50 64 82 95
Time (days)
22
23
24
25
26
27
28
Te
m
p
e
ra
tu
re
 (°C
)
21
Chapitre 5

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ENA

-

Table 5-2: Measures of genetic diversity for the four samples used for reciprocal transplant experiments. 
HoHef: estimator of FISAr(66) and Ap(66) : allelic and private allelic richness with rarefaction 
method for a corresponding sample size of 66. Standard deviations are shown in brackets.
3-4) Divergence in phenotypic trait and PST - FST comparisons
The among-samples (²GB) and within-sample (²GW) variance components for the maxi-
PST was 
PST

between global PST and global demonstrated that differentiation observed on the pheno-
-
parisons of pairwise PST and  showed that the difference observed at the global scale was 

5-4). The results were the same when using ENA (not shown).  
Ho He f Ar(66) Ap(66)
  0.75 (0.16) 0.16** 11.1 (7.5) 
  0.76 (0.17) 0.17**  
PZS   0.14**  
PZD    10 (6.6) 1.78 (1.44)
mean value     

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C
om
putation 
level
G
enetic differentiation
Phenotypic differentiation



EN
A

²G
B
²G
W
P
ST

G
lobal
0.10**
[0.06 - 0.15]

[0.05 - 0.14]
 
 
0.75



[0.01 - 0.05]

[0.01 - 0.04]
 
 



0.14**



 
 
0.87



[0.06 - 0.18]
0.11**
[0.06 - 0.16]
 
 
0.86






 
 
0.17
[0.01 - 0.88]

0.11**
[0.05 - 0.18]
0.11**
[0.05 - 0.18]
 
 
0.08
[0.01 - 0.71]
PZS vs. PZD
0.08**
[0.04 - 0.15]
0.08**
[0.04 - 0.15]
 
 
0.45

Table 5-3:
PAr
(66)  and Ap
(66)  : allelic and private 
allelic richness w
ith rarefaction m
ethod for a corresponding sam
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4) Discussion
-
tion in red coral populations

interactions between red coral populations and their local environments could vary. This 
result is supported by the two reciprocal transplant experiments that showed contrasted 
          

higher growth rate of local compared to foreign genotypes in Riou. Combined with the 
pairwise genetic differentiation, these results suggest that, local adaptation should act wit-
hin Riou populations whereas it is likely that growth rate in diameter evolved neutrally in 

localities, which could results for example, from differences in population size impacting 
the strength of genetic drift or differences in selective regimes. 
-
theless, the outcome of divergent selection is linked to other microevolutionary forces, 
    Corallium rubrum is 
et al.

the drift effect, detected even at very small geographical scales in red coral populations 
(Ledoux et al. in press), could generate by chance a pattern of phenotypic divergence 
FST - PST
comparisons allow disentangling impacts of divergent selection and drift (Leinonen et 
al. PSTFST estimate, 
suggesting that divergent selection should act on the diameter growth. The pairwise com-


these results, addressed in the light of the transplant experiments, reinforced the statement 


especially when knowledge on environmental conditions is scarce (Kawecki & Ebert 

coral dwelling in contrasted habitats, showed that growth rates were mostly similar across 


 in 
aquaria 
agent(s) of selection. These results also suggested that diameter growth should be supple-

Chapitre 5

impact of divergent selection in Corallium rubrum.
Adaptive divergence between populations was already reported in other marine species 
(e.g. Fucus gardneriMytilus eduliset al. Salmo salar
Dionne et al.
adaptation to be more frequent than previously thought in marine species (Conover et al.

these adaptive divergences could occur at the scale of tens of meters in Corallium rubrum
in accordance with theoretical predictions based on its life history traits (especially highly 
et al.    
           
Nevertheless, most of these species (e.g. Nucella lapillusLitto-
rina saxatalis Johannesson et al.


reproduction (e.g. Celleporella hyalinaActinia tenebrosa Sherman & Ayre 
        
-
tion in subtidal species are very scarce (e.g. another octocorallian  Prada 
et al.
4-2) Differential acclimatization capacities in red coral populations facing a thermal 
stress
The in situ common garden experiment demonstrated the occurrence of intense pheno-
typic changes across habitats for the two considered populations. Moreover, these two 
samples were differentially affected by the environmental conditions of the common gar-
den habitat, as shown by the survey of tissues necrosis. Therefore, the two population-
environment interactions at stake during the experiment were different, suggesting diffe-
rential acclimatization capacities between the two populations. 
The occurrence of differential acclimatization capacities was demonstrated between popu-
lations within few marine species facing different environmental stressors such as tempe-
Balanus glandulaMytilus californicus Place et 
al.Nucella canaliculataPorites lobata Barshis et al.
Acclimatization capacities are linked to the degree of phenotypic plasticity of populations 
Corallium rubrum (Garrabou & 
-
tions, whether these differences in observed plasticity are adaptive (genetically based and 
driven by natural selection) or not needs the development of genomic approaches (e.g. 

the heritability of the acclimatization potential, the two populations used in this experi-
ment were genetically differentiated. The differential plasticity observed could thus get 

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a genetic basis despite some experimental artifacts (e.g. different sensitivity to handling) 
or environmental effects linked to the origin habitat (e.g. maternal effect) could not be 
          
  et al.

(period of the experiment) with strong thermal variation on short time interval compared 
et al.-
vious study in aquaria, demonstrated the greater thermotolerance of shallow compared 
to deep populations (Torrents et al.
experiment were comparable with those leading to tissue necrosis in Torrents et al.
and those reported during the mortality events (Garrabou et al.   
likely a major driver in the observed phenotypic responses. The higher acclimatization 
 
by the variable thermal conditions found in its habitat. This hypothesis is consistent with 
reported variations of thermotolerance within species, populations adapted to variable 
environments showing generally better acclimatization capacities than populations from 
stable environments (e.g. Deutsch et al.et al.
Despite a likely role of genetic determinant in the observed acclimatization potential, 
our study failed to demonstrate any association between estimates of inbreeding, genetic 
variation and the level of acclimatization. Whereas the difference between the phenoty-
    
parameters of inbreeding (FIS) and genetic variation (He, Ar and Ap) were mostly simi-
lar. Considering that only two samples were analyzed, this result should be treated with 

acclimatization capacity should thus be conducted using a more extensive dataset (e.g. 
Johansson et al. 
4-3) Impact of the predicted warming on population-environment interactions in the 
red coral: integrating evolutionary and ecological processes

thermotolerance of Corallium rubrum remains unknown. Nevertheless, our study com-

red coral populations, and thus, in their potential evolutionary trends facing the ongoing 
environmental changes. Red coral populations are generally characterized by high levels 
of genetic diversity (Ledoux et al.



Red coral populations could therefore likely cope with selective environments. Accordin-
-
Chapitre 5

mer common garden environment, likely due to their adaptive acclimatization capacities. 
  
for potential adaptation in front of the predicted warming, through an increase of their 



that characterize Corallium rubrum et al.
Ledoux et al.
    
These biological features could impact negatively the adaptive capacity of this species 
(Berteaux et al.et al. -
ming should induce environmentally forced reductions in population size as illustrated 

et al.-
tions in population size combined with restricted recolonisation capacity (Ledoux et al.
in press) could enhance demographic stochasticity, leading putatively to local popula-

inbreeding depression, limiting the potential for future adaptation by purging heritable 
character of ecological importance (Stockwell et al.


trapping) relies upon acquisition of supplementary data, such as the evaluation of the 
impact of warming on reproductive outputs of colonies or mechanistic insights in the 
physiological and genetic determinants for thermal adaptation. Besides direct metabolic 
dysfunctions (Torrents et al. et 
al. 
of thermodependant pathogens (e.g. Vibrio coralliilyticus
should be considered. Nevertheless, our study reinforces the view that red coral popula-
tions dwelling in the surface layers are undoubtedly threatened because of the rapid rate 
of climate change (Garrabou et al.et al.
limit, these populations are thus exquisitely sensitive to thermal increase (Torrents et al.
et al. 
lead to strong demographic and genetic erosions, and the life history traits of Corallium 
rubrum that should not favor rapid evolution, we argue that extinction of these popu-
lations should be formally considered during the elaboration of management policies. 

on populations directly threatened by warming, is, in our opinion, an urgent need. 
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SUPPLEMENTARY MATERIAL
The following issues are addressed:
1- Characterization of the thermal environment for Riou and Scandola: Table 
5-S1 and Figure 5-S1.
2- Experimental plates and calcein labeling.
3- Growth rate analysis.
4- 
experiments: Figure 5-S2.
S1) Characterization of the thermal environments for Riou and Scandola
Table 5-S1: a) Mean temperature conditions from July 1stth



depths at Scandola. b) Mean and maximum temperature values and % of time with temperature higher or 

were proposed by Torrents et al.Corallium rubrum. 
 a)
 b)
Riou Scandola










     
 17.7±0.6    
Min     
Max     
 60.7±4.7  5.6±4.1 68.1±17.1 
 15.6±6.7 1.0±1.5 0  0
 6.4±6.7  0  0
Riou 5 m 

 
Min 
Max 
 65.7
 
 
Chapitre 5

Figure 5-S1:
(b).
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S2) Experimental plates and calcein labeling
Each colony was mounted in experimental plates. These plates were built up with three 

-

plates without putty. They were hold mechanically thanks to the perpendicular cuts previ-
ously done in the rubber layers. All the plates were placed in the incubation chamber for 
the calcein labeling to quantify the growth rate during the experimentation period. This 
protocol was realized using scuba diving in less than one hour. 
The experimental plates were thus placed in a 10 litres incubator with one gram of cal-

the experimental design
   
-

the colonies under the same environmental conditions. 
S3) Growth rate analysis
-


cross sections were then sliced from each colony with a diamond saw. The sections were 

to obtain 150 µm thick slabs. We took photos of the section for each of the 10 colonies 
-

-
nies were available in some cases. The measurements were assessed by measuring the 
distance from the calcein labelling to the periphery of the section. To avoid problem due 

obtained from different areas of each section and calculated the mean of the 10 highest 
growth rates measured for each colony (maximum growth rate). This procedure avoids 
the problems linked to the differential quality of the labeling that could result in different 
-

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riments
Figure 5-S2: Comparison based on Kruskall-Wallis tests of three genetic diversity parameters (He, Ar(66)
and Ap(66)) and level of inbreeding (FISH and the corres-
ponding P values are shown. The mean values for each parameter in each sample are represented by square 

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Dans cette conclusion, je propose une synthèse de lensemble des résultats obtenus au 
cours de ce travail, puis je présente les inférences quant à lhistoire évolutive et à la 
dynamique éco-évolutive de Corallium rubrum dans le contexte des changements envi-

populations de surface de corail rouge (5 - 60 m), avant de proposer des directions pour 
les recherches à venir. 
1) Synthèse des principaux résultats
Ce travail de thèse résolument ancré en biologie de la conservation, avait pour objectif 
            
Corallium rubrum, et ce, dans le contexte actuel des fortes pressions environnementales 

diversité, détudier son histoire évolutive et de participer à la compréhension de limpact 
des changements globaux sur cette espèce, jai donc développé une approche combinant 
génétique des populations et écologie de terrain. Lensemble des résultats obtenus a, dans 
la mesure du possible, été discuté à la lumière des connaissances précédemment acquises 
sur les traits dhistoire de vie, la démographie ou encore la dynamique de populations de 

Le corail rouge est un modèle biologique relativement atypique par son appartenance à 
la sous-classe des octocoralliaires, composée despèces peu étudiées malgré leur grande 
diversité, leur rôle écologique majeur au sein de diverses communautés marines et dans 
quelques cas leur exploitation par lhomme. Dans ce contexte, la première étape de mon 
travail a consisté à mettre au point et à développer lutilisation en routine de différents 
types de marqueurs moléculaires nucléaires ou mitochondriaux. Cette première phase 
  

2). Ainsi, à partir des marqueurs mitochondriaux ND2 et ND6, je replace neuf 
espèces méditerranéennes ou appartenant au genre Corallium, dont le corail rouge, 
    
Malgré 
         
lexistence de trois clades majeurs (Holaxonia-Alcyoniina Calcaxonia-Pennatulacea
et Anthomastus-Corallium). Les genres Paramuricea et surtout Eunicella (ce dernier 
nayant jamais été intégré aux phylogénies moléculaires publiées) semblent monophy-
Corallium en deux genres Corallium et Paracoral-
lium récemment proposée sur des critères morphologiques nest pas soutenue du point de 
Ce travail de phylogénie est complété par une évalua-
tion des locus ND2-ND6 en tant que système de code barre chez les octocoralliaires. 
Même si ces locus ne peuvent être utilisés comme code barre stricto sensu, la révision 
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-
   
majeurs (Chapitre2-II).
Une fois le corail rouge replacé au sein de la phylogénie des octocorallaires et les outils 
moléculaires maitrisés, jai donc abordé la problématique microévolutive, sujet principal 

individus répartis au sein de quatre régions du bassin Méditerranéen Nord-Occidental 
-
sation de 10 locus microsatellites, 

          
  Cette différenciation entre populations saccompagne 
         
mis en évidence par une méthode de regroupement basée sur les génotypes multilocus, 
qui correspondent donc globalement aux quatre régions géographiques échantillonnées. 

entre populations. La corrélation positive entre distance génétique et distance géogra-

faible intensité suivent un modèle de type isolement par la distance. Ce résultat, origi-
nal chez un métazoaire marin possédant une phase larvaire, suggère par conséquent, que 
migration et dérive génétique sont à léquilibre à léchelle du bassin étudié. Au niveau 
     

menée, suggérant ainsi des variations dans limpact respectif de la dérive et de la migra-
tion, et donc des histoires évolutives potentiellement différentes dune région à lautre. Le 
second volet de cette étude aura permis de cartographier la diversité génétique à léchelle 
du bassin Méditerranéen Nord Occidental et de tester léquilibre mutation-dérive au sein 
Les 
valeurs élevées pour les trois paramètres testés (He, Ar(g) et Ap(g)) traduisent une diver-

Cette diversité est répartie de façon hétérogène. Les îles Baléares sont cependant signi-
   
non exclusives sont proposées pour expliquer ce résultat : lune, contemporaine, place les 


été recolonisés plus rapidement que ceux des trois autres régions, suite à leur plus grande 
proximité par rapport aux populations ancestrales, induisant donc une érosion génétique 

 
léquilibre mutation-dérive. Ce résultat est à traiter avec prudence étant donné quil peut 
Chapitre 6


 
et de la répartition de la diversité génétique neutre à léchelle du bassin Méditerranéen 
Nord Occidental, je me suis intéressé au fonctionnement des populations. Grâce à un 
échantillonnage exhaustif et individuel (75 colonies sur une surface de 0,5 m² environ), 
-
niers développements théoriques concernant le modèle disolement par la distance, je 
-
face échantillonnée. La méthode mise en place et léchelle considérée rendent ce résul-
tat particulièrement séduisant, dautant plus dans le cas dune espèce gonochorique à 
reproduction sexuée comme Corallium rubrum. A partir de cette structure génétique spa-
tiale entre individus, différents paramètres démographiques sont estimés et notamment 
             

la dispersion par les gamètes et par les larves, ce qui sous-entend donc que le cadrat 
échantillonné correspond approximativement à une unité de reproduction. En plus des 
mesures de distances interindividuelles, lutilisation de la photogrammétrie combinée 
aux données écologiques (taille et âge à la maturité sexuelle et croissance en diamètre) 
-
tillonnées. 
avec notamment plusieurs 
paires parent-descendant potentielles, ce qui renforce le caractère restreint de la disper-

reproductions multiples au sein de cette espèce comme son mode de reproduction pouvait 
le laisser supposer. 
    
 Les indivi-
dus dune génération ne correspondent donc pas à un échantillonnage représentatif des 
individus des générations précédentes. Ces résultats forment un ensemble cohérent qui 
participe à la compréhension de limpact de la phase larvaire et du mode de reproduction 
sur la biologie des populations du corail rouge. 

de certaines forces microévolutives, principalement migration et dérive, sur la biologie 
de Corallium rubrum à différentes échelles spatiales, de linter- à lintra-populationnel. 
Lacquisition de ces résultats cruciaux, aussi bien du point de vue de lamélioration des 
connaissances fondamentales que de la gestion du corail rouge, est une étape indispen-

    
environnementales récentes), et donc pour pouvoir envisager le futur des populations 
de surface de cette espèce. La suite de mon étude sest donc focalisée sur la sélection 

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naturelle, son rôle dans la divergence entre populations et son impact potentiel sur leur 
devenir. Cette partie est abordée sous langle de la dynamique éco-évolutive présentée en 


dexpérimentations in situ ont été menés dans le but danalyser les interactions entre les 
populations de corail rouge et leur environnement. Des transplantations réciproques entre 
populations originaires dhabitats contrastés, notamment du point de vue de leur régime 
thermique, ont été mises en place sur deux sites distincts (Riou près de Marseille et Scan-
dola en Corse). Différents traits (croissance en diamètres, nécrose des tissus et survie) liés 

dhabitat et donc les liens unissant ces populations et leur environnement dorigine. Ces 
expérimentations démontrent que les interactions population-environnement pour 
         Complétées 
par des comparaisons entre estimateurs de différenciation phénotypique (PST) et géné-
tique (supposée neutre, FST), ces résultats suggèrent que la sélection divergente peut, 
dans certains cas, agir sur la divergence observée entre populations de corail rouge, 
En parallèle, une expérimentation de jardin commun 
a été menée in situ. Des colonies provenant des deux populations de Riou utilisées lors 
des transplantations réciproques, ont été soumises à un habitat stressant, notamment du 
point de vue thermique. Grâce au suivi du taux de nécrose des colonies, cette expé-
-
pique) différentes entre les deux populations analysées. La population soumise à un 
régime thermique variable dans son habitat dorigine est en effet moins impactée par le 
stress thermique que celle habituellement soumise à un régime thermique stable. Ajoutée 

capacité dacclimatation pourrait donc avoir une origine adaptative. 
2) Scénario évolutif et dynamique éco-évolutive


dhistoire de vie (âge à la maturité sexuelle aux alentours de 10 ans, potentiel reproduc-

proposer un scénario évolutif pour expliquer les patterns de structuration et de diversité 
observés. Ainsi, la recolonisation des sites de surfaces serait récente (moins de 2000 
générations) et aurait eu lieu, de proche en proche, à partir de populations ances-
    
Parallèlement, le 

dérive au sein des populations auraient entrainé la différenciation génétique et lhété-
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  
grâce à lincorporation de populations dAfrique du Nord et dAdriatique (7 populations 
         -
ment détendre le modèle disolement par la distance et donc léquilibre migration-dérive 
à lensemble du bassin Occidental, et précisé grâce à lutilisation du locus EF1 qui a 
démontré labsence de zones refuges lors des dernières glaciations.
Si les résultats de ce travail permettent des inférences historiques, ils participent aussi à la 
compréhension de la trajectoire évolutive des populations de Corallium rubrum, puisquils 
rendent possible une première exploration de la dynamique éco-évolutive de cette espèce. 
-




chaud pourrait être envisageable. Cependant, cette pression de sélection a entraîné 
des réductions de taille importantes au sein des deux échantillons. La faible dyna-
-
penser les pertes démographiques à court terme. Les érosions démographique et géné-
tique induites par cette réduction de taille des populations pourraient renforcer limpact 
de la stochasticité démographique et de la dérive génétique, et éventuellement entraîner 
une dépression de consanguinité. Cette dynamique éco-évolutive potentielle est résumée 
   Le devenir des populations de surface de cette espèce face à la 

compromis. 
certains points, comme par exemple, limpact des anomalies thermiques sur le succès 
reproducteur des colonies survivantes ou celui dune diminution de la densité des colo-
nies de corail rouge sur les communautés dont elles font parties. Le rôle potentiel de la 


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Figure 6-1 : Dynamique éco-évolutive pour le corail rouge dans le contexte des changements environne-

pleine épaisse). Cette diminution de la taille des populations de corail rouge peut potentiellement augmen-

pointillé) tout en diminuant le rôle structurant de lespèce sur les communautés. Parallèlement, dautres 
pressions environnementales pourraient sajouter aux anomalies thermiques comme la compétition avec 
des espèces thermophiles ou laction de pathogènes thermodépendants.
3) Implications pour la conservation et la gestion du corail rouge 

pour améliorer la conservation et la restauration des populations de surface de Corallium 
rubrum. La première est triviale et contraste avec le mode de gestion usuel de la biodiver-

et de la dynamique de cette espèce, la conservation du corail rouge doit se penser à 

Ce constat pris en compte, conserver la diversité adaptative et le potentiel évolutif des 
populations face aux changements environnementaux à venir, nécessite de préserver le 
-
ter une augmentation de leur isolement démographique et génétique. Un niveau de 

chapitre.
-

en leur sein, sous-entendent que le corail rouge possède une faible capacité de recolo-
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nisation à court terme. Ainsi des actions de restauration devront probablement être 
envisagées dans un futur proche.

apportés par le chapitre 4 sur la biologie des populations de cette espèce, la restauration 

mais formés par un nombre élevé de colonies matures, 
 
faut toutefois mentionner que 
 puisque comme illustré lors 
du chapitre 5, la transplantation de colonies dans un nouvel habitat peut entraîner une 
diminution de leur valeur adaptative.
-
     
anthropiques directes sur cette espèce et ce, par une action concertée à léchelle interna-
tionale. 

de surface soumises aux pressions environnementales, probablement induites par le 
changement climatique (0-50m), doit, à mon avis, être sérieusement considérée.
-
-
cisément la provenance de colonies grâce aux méthodes dassignation. Ceci est dautant 
plus intéressant que jai pu démontrer que des PCR étaient possibles à partir de colonies 
sèches cest à dire nayant pas subi de conditionnement dans lalcool. Lévaluation pré-


légale pour lutter contre le braconnage. 
4) Perspectives
En plus de lévaluation rigoureuse des microsatellites dans un cadre danalyse légale, je 
vais développer deux points dans un futur proche à partir du jeu de données produit. Du 
point de vue de la gestion des populations de corail rouge, la régression entre distance 

relative de la migration et de la dérive sur les divergences observés entre les différentes 
pairwise decomposed regression et al.
décomposition du modèle disolement par la distance sera complétée par une évaluation 

le lien entre démographie et divergence génétique chez le corail rouge, et donc dapporter 
       -
nant lécologie de cette espèce, je préciserai les phénomènes en jeu lors de la phase de 
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recrutement grâce aux microcolonies (recrues de lannée) échantillonnées sur deux sites 
de la région de Marseille. Lorigine de ces recrues et les variations génétiques entre le 


A lavenir, les efforts de recherche sur lécologie de Corallium rubrum-
suivis dans différentes directions, dont certaines sont résumées ici sous la forme de 10 
questions réparties autour de deux axes complémentaires : 
1. 
 - 
 - 

 - Au sein du bassin Occidental, quels sont les facteurs historiques expliquant labsence 
dun équilibre migration-dérive pour les populations de Corse, et comment expliquer 

 -             

 - -
 


la dynamique éco-évolutive du corail rouge :
 - 

 - 
temporel), et à quelle taille la viabilité dune population est-elle compromise par les 

 - Existe-t-il un lien entre les caractéristiques génétiques neutres des populations et leur 
réponse aux évènements de mortalité massive, et existe-t-il une relation hétérozygotie 

 -          

 - -

 
abordées grâce aux résultats de ce travail de thèse. Dautre part, le développement dune 
approche comparative entre espèces de gorgonaires grâce, par exemple, aux différentes 


sur la biologie et lévolution de ces organismes. 
Chapitre 6
148
A major impediment to reducing biodiversity loss around the globe is our limited 
knowledge of the true extent of biodiversity, its evolutionary history, and the forces that 
shape responses to environmental change. et al.
La somme de résultats acquis lors de cette thèse et leur interprétation intégrant génétique 
des populations et écologie aura permis délargir le champ de connaissances relatif à 
lécologie de Corallium rubrum, tout en proposant une première ébauche de son histoire 
évolutive et de sa dynamique éco-évolutive dans le contexte des fortes pressions environ-
nementales en cours. De nombreuses questions portant à la fois sur limpact relatif des 
forces microévolutives à différentes échelles spatiales, sur les niveaux de diversité intra-
Corallium rubrum 
ont ainsi été abordées. Parallèlement, diverses recommandations ont été proposées pour 
améliorer la conservation des populations de cette espèce, et différents outils de gestions 
de la biodiversité ont été développés (code barre ND2-ND6 chez les octocoralliaires et 
microsatellites chez le corail rouge).

de nombre de populations et de marqueurs analysés, lune des plus conséquentes menée 
jusquà présent en Méditerranée, mais aussi plus généralement sur une espèce marine. Ce 
travail de thèse aura par ailleurs permis le développement dune méthodologie originale 
et peu invasive (Chapitre 4) pour létude dune question fondamentale en écologie marine 
     
-
préhension de la biologie des organismes marins sessiles à phase larvaire. Par exemple, 
les résultats des chapitres 4 et 5 démontrent la pertinence dapproches mises en place à 
des échelles spatiales très réduites pour répondre à des questions fondamentales quant 

ou habitat). 
Son appartenance aux octocoralliaires fait du corail rouge un modèle original et complé-
mentaire par rapport aux organismes marins sessiles à phase larvaire les plus couramment 
étudiés dans les problématiques sur les changements climatiques, tels que les hexacoral-
liaires tropicaux. Cette originalité et cette complémentarité sont renforcées par son aire 
de distribution et certains traits dhistoire de vie comme la gonochorie, la reproduction 


à une forte pression anthropique directe à cause de sa valeur marchande, tout en faisant 
partie de la trentaine despèce récemment impactées par des événements de mortalités-

Conclusion générale
massive, probablement liés au réchauffement climatique en cours. Ces caractéristiques, 
ajoutées à lensemble des connaissances acquises sur cette espèce au cours de ce travail 
ou des travaux précédents, font donc de Corallium rubrum un modèle détude pertinent et 
incontournable pour poursuivre lanalyse de limpact des processus microévolutifs pas-
sés, en cours ou à venir sur la biodiversité. 
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      Corallium 
rubrum
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
LADN génomique total a été extrait à partir des bourgeons apicaux (extrémités charnues 
des branches) pour le corail rouge. Pour les huit autres espèces, 5 à 10 polypes ou de 
petits morceaux de coenenchyme ont été utilisés. Les tissus ont dabord été broyés puis 


et 
al.
1. phase lock gel » (Eppen-
dorf) contenant une gélose qui séparera la phase aqueuse contenant lADN de la 
phase organique lors des centrifugations. 
-

500 µl de chloroforme sont ensuite ajoutés avant une 10 min de centrifugation à 

4. la phase aqueuse est transférée dans un nouveau tube. LADN est précipité grâce à 
lajout de 500 µl disopropanol et culotté grâce à une nouvelle centrifugation de 15 

5. -

6. 
de permettre lévaporation de lalcool restant.
7. 
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ANNEXE 2
Mise au point des marqueurs moléculaires
Les connaissances génétiques chez les gorgonaires sont relativement limitées en com-
   


de génétique des populations traitée au cours de cette thèse. 
Jai donc cherché à mettre au point différents types de marqueurs moléculaires pour abor-
der des questions aussi bien pour des approches populationnelles (génétique de popula-
tions, phylogéographie) que phylogénétiques. Jai ainsi développé des marqueurs mito-


variés. Une partie de ces mises au point sest déroulée en parallèle sur plusieurs espèces. 
En plus de Corallium rubrum, Eunicella singularis et Eunicella cavolini ont ainsi été 
ciblées pour certains marqueurs nucléaires. Les marqueurs mitochondriaux ont, quant à 


gradient
La mise au point de ces marqueurs sest faite globalement, selon un protocole classique 
dont les principales étapes sont les suivantes : 
1. 
GenBank (marqueurs de séquences et certains microsatellites) ou de banques déve-

http://frodo.
wi.mit.edu/

détermination des températures dappariement grâce une PCR en gradient sur deux 
individus de populations géographiquement éloignées. Les conditions de cette PCR 

L de 
L 
L de 

4.  Optimisation éventuelle des paramètres de PCR en jouant notamment sur le 
nombre de cycles, la durée de chaque phase et la concentration en magnésium 
(MgCl
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5. -


Pour certains locus, ce protocole a été répété plusieurs fois avec différentes paires 

2) Différents types de marqueurs
2-1) Polymorphisme de séquence : marqueurs nucléaires
Jai testé divers couples damorces provenant de différentes sources dans le but disoler 

Pour lapproche phylogénétique, un fragment de lARNr 28S
ARNr 18S
ont été séquencés.
Concernant les marqueurs introniques, les locus testés lont été à partir de couples 
             
séquences disponibles dans GenBank ont ainsi été réalisés dans le but disoler des introns 
des gènes du facteur délongation 1 (EF1) et de lactine (Act). En ce qui concerne lutili-
sation des données publiées, divers locus ont été testés:
 -           
Crossing EPICATPS-beta
Nucleotide Transporter/ADP-ATP Translocase (ANT    
54-kDa subunit (SRP54) LTRS) Jar-
man et al. 
 - 
(mCol) et de la calmoduline (Calm) ainsi que le gène du développement Pax-C (Pax-
C) isolés chez différentes espèces du genre Acropora    
et al. EPIC
à cofacteur zinc et cuivre (AvCuZnSODa et AvCuZnSODb) isolé chez Anemonia viri-
dis (Plantivaux et al. 
 - six EPIC des gènes de la cyclooxygénase (cox-A et cox-B) isolés chez deux octocoral-
laires Plexaura homomella et Gersemia fruticosaet al. et al. 

Eunicella cavolini (HSP-70 Borchiellini et al. SRP54
Cari-
joa riisei (Concepcion et al. 
Dans la plupart des cas (i.e. tous sauf le SRP54 de Concepcion et al. -


Annexe 2


ARNr 28SARNr 
18Scox et SRP54 (cf. en suivant).
Lobtention de marqueurs mitochondriaux (cf. ci-dessous) a conduit à laisser de côté 
les marqueurs ribosomiques nucléaires multicopies. Le génome mitochondrial étant à 
transmission clonale (maternelle), il évolue comme un locus unique sans recombinaison 
(Galtier et al. 
régions sont caractérisées par un mode dévolution atypique chez les octocoralliaires 
(Calderon et al. 
Figure A2-1:
amorces utilisées dans cet exemple ont été développées pour cibler les gènes Pax-C chez les espèces du 
et al.

Le faible polymorphisme observé sur les cinq séquences (quatre introns de cox et SRP54) 
na pas permis une utilisation à léchelle populationnelle chez le corail rouge malgré la 
single nucléotide poly-
morphism » SNP) notamment sur les introns de la cyclooxygénase. La résolution de ces 
-


Mise au point des marqueurs moléculaires
Tableau A2-1: Récapitulatif des différents locus nucléaires testés pour développer des marqueurs permet-
tant de travailler sur du polymorphisme de séquence. Les séquences des amorces, températures dapparie-
ment et la taille du produit de PCR obtenu ne sont données que pour les marqueurs ayant été utilisés ou 
adaptés avec succès chez le corail rouge. Les locus en gras ont été testés sur plusieurs espèces. N : nombre 

rouge. * désigne les amorces développées au cours de cette thèse.
Locus Origine séquences de: N Clonage Séquences des amorces
Ta     
 Taille du produit 
de PCR 
(pdb)
28S Borchiellini com. pers.  oui

 400

18S Chenuil com. pers. 1 oui
  600
18S R: 5-ACCATTATTCCATGCTTATG
ATPSbeta Jarman et   1 oui
ANT Jarman et al  1 oui
SRP54
Jarman et 
al.
Concepcion et 
al.

Carijoa riisei  oui / non
CrSRP54f:                                                  
5-CGAACTAAAATTAGAAGAAAACGAAG 54 
CrSRP54r:                                                  
5-TCATACATGTCTCTCAGCGTAAAC
LTRS Jarman et al.  1 oui
Pax C et al. Acropora 1 oui
Calm  Acropora 1 oui
mCol  Acropora 1 oui
HSP70 Borchiellini et al. Acropora 1 oui
Act Genbank  oui
EF1 Genbank  oui
Cox: NCPup_
TNTSdown
Jarving et 
al.
Plexaura 
homomella  oui
NC1: 5-AGACGTATTTGCCGTTTGGTTAC *
60 
TN1: 5-ACCCAAGAACTGTCCAAAGC *
Cox: DERup_
GSTdown
Jarving et 
al.
Plexaura 
homomella 1 oui
Cox: VAVup_
DMVdown
Jarving et 
al.
Plexaura 
homomella 1 oui

60 400
DM1: 5-CTTGGACGTAGCAGTTGATCTTT *
Cox: EDGup_
FMYdown
Jarving et 
al.
Plexaura 
homomella 1 oui
ED1: 5-TGAAGATGGACCCTTTCGTATAAT *
60 600

Cox: RHIVup_
EPYdown
Jarving et 
al.
Plexaura 
homomella 1 oui
Cox: KALup_
DYAdown
Jarving et 
al.
Plexaura 
homomella 1 oui
KA1: 5-TCAAGGCATTGAAATTTGCT *
60 
AvCuZnSODa Plantivaux et al. Anemonia viridis  oui
AvCuZnSODb Plantivaux et al. Anemonia viridis  oui
Annexe 2

2-2) Polymorphisme de séquence : marqueurs mitochondriaux
  
ND2msh1 
ND6
COI-COII)COI. 
et 
al.  COIet al. 
essayé de séquencer le locus msh1 dans son ensemble grâce à deux couples damorces 
msh1
que la séquence intergénique COI-COII       

ND2, ND6 ont été 
msh1 et CO1 lont été pour la partie 

Tableau A2-2: Récapitulatif des différents locus mitochondriaux testés. Les séquences des amorces, tem-
pératures dappariement et la taille du produit de PCR obtenu ne sont données que pour les marqueurs 
ayant été utilisés ou adaptés avec succès chez le corail rouge. Les locus en gras ont été testés sur plusieurs 


  Inter Simple Sequence Repeat) sont des marqueurs dominants. 
-
lites proches à orientation opposée en utilisant pour cela des amorces présentant un motif 
di-, tri- ou tétranucléotidiques répété n fois. Bien que moins informatifs que les micro-


Locus Origine Séquences des amorces Ta (°C)
Taille 
produits 
de PCR 
(pdb)
ND2 McFadden et al. 2004 16S647F: 5-ACACAgCTCggTTTCTATCTACCA 59 800
ND21418R: 5-ACATCgggAgCCCACATA
ND6 McFadden et al. 2004
ND61487F: 5-TTTggTTAgTTATTgCCTTT
50 600
ND32126R: 5-CACATTCATAgACCgACACTTT
COI-COII McFadden et al. 2004
COII8068F: 5-CCATAACAggACTAgCAgCATC
COI8325R: 5-TCCTTATgATTAgTAgAAAA
msh1 McFadden et al. 2004
ND42599F: 5-GCCATTATggTTAACTATTAC
59 800
Mut-3458R: 5-TSgAgCAAAAgCCAYTCC
msh1bis
Mut-3459: 5-TRCCRTGTTATTTATCTTATAGGTACG
Mut-3460R: 5-CCGCTTAATGCAACATCTAATCT
msh1ter
Mut-3461: 5-TCTATTTYATCTAAAAAGTTAACTAAG
Mut-3462R: 5-AGTTCCACTRTCTRAAGAYTCR
CO1 Calderon et al. 2006

60 600

Mise au point des marqueurs moléculaires
sans que les patterns observés soient concluants et ce, malgré lutilisation dans certains 

2-4) Polymorphisme de taille : Marqueurs nucléaires de type microsatellite
Plusieurs stratégies ont été mises en place pour isoler les locus microsatellites. Jai, dans 
un premier temps, tenté de transposer les quatre locus (Pel34, Pel56, Pel74, Pel32) déve-
loppés chez un autre octocoralliaire : Pseudopterogorgia elisabethae (Gutierrez-Rodri-
-
donner ces locus. 
Une première banque enrichie a été développée chez le corail rouge (Aurelle, Lejeusne & 
-
Mic3 et Mic2). Les trois autres locus (Mic1, Mic4, Mic5) nétant pas 
assez polymorphes, aucun na été retenu. 

Les séquences de 40 clones positifs pour le motif (CA)n ont été obtenues. Parmi ces 
    
répétée était trop longue. Jai ainsi dessiné les amorces et tenté doptimiser les PCR pour 
Mic10 à Mic21
été retenus pour des tests de polymorphisme par génotypage. Les amorces sens de ces 11 



lecture et leur niveau de polymorphisme, seuls deux ont été retenus pour les analyses 
populationnelles : Mic13 et Mic20.

Des fragment dADN génomique liés à un SAULA/SAULB-linker  (Armour et al. 
ont été isolés grâce à lutilisation de sondes magnétiques portant des répétitions oligonu-
cléotidiques (GT) et (GATA)8, et marquées à la biotine (Gautschi et al. 

paires damorces ont été dessinées à partir de ces 150 clones. Douze ont été retenues pour 
Mic22, Mic23, Mic24, 
Mic25, Mic26 and Mic27. Mon travail a consisté à adapter les conditions de PCR qui sont 

      

Ces microsatellites présentant des taux dallèles nuls très important (Costatini et al. 
     
à partir des séquences disponibles dans GenBank. Après une première visualisation des 
produits de PCR sur gel dagarose, quatre nouvelles paires damorce ont été testées en 
COR9 et COR46 
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et sont désignées COR9bis et COR46bis dans la suite de ce manuscrit. Parmi les locus 
initiaux, COR48 et COR58-


3) Conditions de PCR pour les différents types de locus


mM de MgCl-1 de 


Le programme de PCR en gradient est le suivant : une phase de dénaturation de 5 min 

dappariement des amorces de 1 min à température variable (i.e. gradient de température 



Les mélanges réactionnels sont identiques à ceux présentés précédemment. 
-

dune phase dappariement des amorces de 1 min à la température dappariement (Ta cf. 




-

Les PCR ont été réalisées avec les programmes suivants: une phase de dénaturation de 

phase dappariement des amorces de 1 min à température dappariement (Ta cf. Tableau 



Mise au point des marqueurs moléculaires
Tableau A2-3:           
amorces et les températures dappariement ne sont données que pour les marqueurs ayant été utilisées avec 
Corallium rubrum, Eunicella 
cavollini et Eunicella singularis
nombre de paires damorces testées pour le locus en question. * désigne les amorces développées au cours 
de cette thèse.
Locus Origine N Séquences des amorces
Ta Nombre 
de cycles
ISSR 11
Pel 34* Gutierrez-Rodriguez & Lasker 1
Pel 56* Gutierrez-Rodriguez & Lasker 1
Pel 74* Gutierrez-Rodriguez & Lasker 1
Pel 32* Gutierrez-Rodriguez & Lasker 1
Mic1 Aurelle, Lejeusne, Chenuil 1
Mic2 Aurelle, Lejeusne, Chenuil 2
Mic3 Aurelle, Lejeusne, Chenuil 1
Mic4 Aurelle, Lejeusne, Chenuil 1
Mic5 Aurelle, Lejeusne, Chenuil 1
Mic10  1
Mic11  2
Mic12  2
Mic13  1 Mic13F: 5-CTTTGATTGGCCCTGATGTAA* 59 25
Micr13R: 5-GCCAGGAAAGAATTGGGTATATTA*
Mic14  2
Mic15  1
Mic16  2
Mic17  2
Mic18  1
Mic19  2
Mic20  1 Mic20F: 5-CACGTGATTGACGAAAACATTC* 59 25
Mic20R: 5-TGTCGGGAAATTGTTCACTGTA*
Mic21  2
Mic22 Ecogenics 1
Mic22F: 5-CGAGCGAGGGAAATTAATAGG
56 25
Mic22R: 5-GATGTAATTGTCGCGCATTG
Mic23 Ecogenics 1
Mic23F: 5-GATCTCTGACTGAATGGTATTGG
56 25
Mic23R: 5-CCTGGCTACGTCCCTGACT
Mic24 Ecogenics 1
Mic24F: 5- TCGAGCACTTCCTTGGTAGC
59 25
Mic24R: 5-TGAATTCCATACACCCACTGC
Mic25 Ecogenics 1
Mic25F: 5-GCAAGGTAAAATGATGTAGTCTGG
59 25
Mic25R: 5-GATCGCACTAAATCTTAATAGTGTTCC
Mic26 Ecogenics 1
Mic26F: 5-AGGGAACAATCTTTGTTGTGC
59 25
Mic26R: 5-ATGTTTGCGGACCTACACG
Mic27 Ecogenics 1
Mic27F: 5-GATCTCTTCGCGGATAGTCTG
59 25
Mic27R: 5-GACGGTGGGACGAACAGG
COR9 Costantini & Abbiati 2006 2
COR9bisF: 5-GTTCCTTGAAGCATGTTGGATT*
53 30
COR9bisR: 3-CAGGAACTTCTGCCAGTACACA*
COR46 Costantini & Abbiati 2006 2
COR46bisF: 5-TTGGGTACAAATCAAGCTACCA*
53 28
COR46bisR: 5-AGACCAGCGGCATCACTTT*
COR48 Costantini & Abbiati 2006 1
COR48F: 5-AAAAGAGCCTGGGTATGAGGTT
58 28
COR48R: 5-ATGATGATTGCAAATTGAGTCG
COR58 Costantini & Abbiati 2006 1
COR58F: 5-CGCTATAATTGGCGTAAGCTGT
57 30
COR58R: 5-GTACGCTTCGGAGTTTTGAGTT
COR15 Costantini & Abbiati 2006 1
Annexe 2



-

Les PCR ont été réalisées avec les programmes suivants: une phase de dénaturation de 

phase dappariement des amorces de 1 min à température dappariement (Ta cf. Tableau 





et 1 µM de chaque amorce. 
Deux programmes de PCR différents ont été utilisés. Les locus Mic 

Ta
-


nTa


A lissue de ce travail, trois marqueurs mitochondriaux (ND2, ND6, msh1) ont été appli-

-
cipé à la mise au point du locus EF1 qui est utilisé chez le corail rouge et dautres gorgo-
naires de Méditerranée (Aurelle et al. 
microsatellites ont été caractérisés chez le corail rouge.

Taux d’erreurs, homogénéîé génétique et AFC
ANNEXE 3

multilocus répétés et analyse factorielle des correspondances


-

tous les locus à lexception de COR48 et COR58. 
Deux types de taux derreurs ont été calculés : le taux derreur par allèle et le taux derreur 

(Ea-


différencier limpact des différentes sources derreur (artéfacts de PCR ou de lecture) 
sur le jeu de données. Le taux derreur par réaction de PCR (Er) correspond au nombre 

          


et al.


Ea varie de 
0 pour Mic23 à 0,17 pour Mic25 et Mic26. Les erreurs de lecture sont la source derreur 
majoritaire pour tous les locus. Le taux derreur par locus Er varie de 0 pour Mic23
à 0,055 pour Mic25  

  
plusieurs. Etant donné le nombre important destimateurs des taux derreur existant, il est 
et 
al.
et al.
et al.et al.
utilisés dans cette étude présentent donc des taux derreur acceptables qui ont été utilisés 
          
dans le chapitre 4.
Annexe 3

Tableau A3-1: Taux derreur par allèle et taux derreur par réaction calculés pour chaque locus et sur 
lensemble du jeu de données.
2) Relation colonie vs individu génétique
  

de tester leur homogénéité génétique à léchelle individuelle. Pour ce faire, jai donc 


COR48 et COR58 et ce, indépen-
-
tions sur 10 locus pour 4 colonies), une seule différence résultant dune erreur de lecture a 
été observée sur Mic24
que chaque colonie correspond a priori à un individu génétique et suggèrent labsence de 
chimère chez le corail rouge. 
3) Préparation du jeu de données
Etant donné les erreurs possibles lors de léchantillonnage, du conditionnement (colonies 
cassées) ou de lensemble des étapes permettant lobtention des génotypes, jai cherché 
à éliminer les éventuels génotypes répétés dans le jeu de données. Jai donc utilisé la 
  et al.   


-




Ea Er
Mic13 0,005 
Mic20  0,051
Mic22  
Mic23 0 0
Mic24 0,011 
Mic25 0,017 0,056
Mic26 0,018 0,04
Mic27 0,011 0,046
COR9bis 0,011 0,046
COR46bis  0,051
Global 0,01 0,016

Taux d’erreurs, homogénéîé génétique et AFC
Tableau A3-2: 

pour la colonie PZUCol1.
4) Analyse factorielle des correspondances
     
de données obtenu sur le bassin Nord-Occidental, une analyse factorielle des correspon-
et al.
le cas présent, ce type danalyse est utilisé pour tester la présence de pools génétiques for-
tement différenciés traduisant éventuellement lexistence despèces cryptiques. Chaque 
génotype est codé en fonction des allèles qui le composent (0 lorsque lallèle considéré 
   
 
valeurs dinertie associées à chacun de ces axes sont comparables à des combinaisons 
linéaires des valeurs de FST
nuage de points induite par la présence dallèles rares, les allèles présents moins de cinq 

individus dans lespace formé par les trois premiers axes. Ces trois axes portent peu din-

dinformations cumulées sur les trois axes. Globalement les individus sont bien regroupés 
en fonction de leur population et de leur région dappartenance. Laxe 1 semble séparer 



le nuage de point suggère une certaine homogénéité du pool génétique étudié. Ainsi, les 

PZUCol1A PZUCol1B     PZUCol4A PZUCol4B
Mic13        
Mic20        
Mic22   165165 165165   165165 165165
Mic23 101101 101101      
Mic24        
Mic25 166166 166166     144144 144144
Mic26 155158 155158   168187 168187 168187 168187
Mic27     401405 401405  
COR9bis 171171 171171   181181 181181  
COR46bis        
Annexe 3

Figure A3-1: Analyse factorielle des correspondances. Chaque point représente un individu dans lespace 



ANNEXE 4
Genetic survey of shallow populations of the Mediterranean 
red coral (Corallium rubrum (Linnaeus, 1758)): new insights 
into evolutionary processes shaping nuclear diversity and 
implications for conservation

and D. AURELLE*
-
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Abstract
Combined action from over-harvesting and recent mass mortality events potentially
linked to ongoing climate changes has led to new concerns for the conservation of
shallow populations (5–60 m) of Corallium rubrum, an octocorallian that is mainly found
in the Mediterranean Sea. The present study was designed to analyse population
structure and relationships at different spatial scales (from 10s of meters to 100s of
kilometres) with a focus on dispersal pattern. We also performed the first analysis of the
distribution of genetic diversity using a comparative approach between regional-clusters
and samples. Forty populations dwelling in four distinct regions between 14 and 60 m in
depth were genotyped using 10 microsatellites. Our main results indicate (i) a general-
ized pair-sample differentiation combined with a weak structure between regional-
clusters; (ii) the occurrence of isolation by distance at the global scale, but also within
two of the three analysed regional-clusters; (iii) a high level of genetic diversity over the
surveyed area with a heterogeneous distribution from regional-cluster to sample levels.
The evolutionary consequences of these results are discussed and their management
implications are provided.
Keywords: conservation biology, Corallium rubrum, genetic clustering, isolation by distance,
microsatellites
Received 4 June 2009; Revision received 15 November 2009; accepted 21 November 2009
Introduction
Coastal marine ecosystems are important from socio-
economic and ecological points of view (Costanza et al.
1997; Harley et al. 2006). These ecosystems are subjected
to the direct and indirect effects of human activities,
resulting in local and global pressures. In many areas,
coastal ecosystems are critically endangered by severe
dysfunctions, including extinction of species (Halpern
et al. 2008; Jackson 2008). The effects of climate change
are the most recent source of strong disturbance pres-
sures in these ecosystems worldwide (Harley et al. 2006).
This study is focused on the Mediterranean red coral,
Corallium rubrum, a species that is typically associated
with the coralligenous assemblage, one of the richest
biodiversity habitats in the Mediterranean Sea (Ballest-
eros 2006; Airoldi & Beck 2007). The red coral is an apo-
symbiotic octocorallian with a highly fragmented
distribution which centers mainly around the western
Mediterranean and the neighbouring Atlantic Ocean
(Zibrowius et al. 1984). It inhabits semi-dark to
dim-light rocky benthic habitats such as caves and
coralligenous overhangs between 5 and 600 m in depth
(Laborel & Vacelet 1961; Zibrowius et al. 1984; Zibrowius
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pers. comm.). It is a long-lived species (more than
50 years) with a short larval phase, estimated from 4 to
12 days in aquaria (Vighi 1972; Weinberg 1979), display-
ing slow population dynamics with very low growth
and mortality rates (Garrabou & Harmelin 2002; Mars-
chal et al. 2004; Santangelo et al. 2004, 2007; Torrents
2007), and showing recruitment by pulses (Garrabou &
Harmelin 2002).
The red coral species has a high socio-economical
value. It has been intensively harvested since antiquity
for its use in jewellery. This important fishing pressure
resulted in profound changes in the species range (Sant-
angelo & Abbiati 2001) and in the size structure of the
shallow populations, preventing the colonies from reach-
ing their potential maximum size (Garrabou & Harmelin
2002). Moreover, in 1999 and 2003, the red coral was
among 30 species affected by two large-scale mass mor-
tality events (MMEs), which were linked to positive ther-
mal anomalies that were potentially associated with the
warming trend currently detected in this area (Perez et al.
2000; Romano et al. 2000; Garrabou et al. 2001, 2009).
MMEs have differentially impacted red coral popula-
tions. In some sites, approximately 80% of the colonies
were affected, while in others only 5% of colonies
showed some mortality (Garrabou et al. 2001). The red
coral was included in several international conservation
conventions to protect the species and control its harvest.
However, these management measures do not take into
account the distribution of genetic diversity, the connec-
tivity between populations and the new climatic threat
and its impact on shallow populations (5–60 m).
Previous genetic studies investigated effective larval
dispersal as well as the spatial genetic structure of red
coral populations; these studies used nuclear markers
because of the lack of polymorphism in mitochondrial
markers (Caldero´n et al. 2006) putatively linked to the
presence of the msh1 gene (Pont-Kingdon et al. 1995;
McFadden et al. 2006; Ledoux et al. unpublished). Based
on use of allozymes, significant differentiation was
observed between samples separated by 10 km (Abbiati
et al. 1993). Del Gaudio et al. (2004) used AFLP profiles
to distinguish four population samples separated by
tens to hundreds of kilometres. These patterns of differ-
entiation were refined by analysis of four microsatellites
among eight samples derived from two locations. This
analysis revealed strong genetic structuring at distances
of tens of metres (Costantini et al. 2007a). Finally, a
large-scale study of 11 samples scattered around the
northwestern Mediterranean basin, using ITS-1
sequences and five microsatellites confirmed this high
level of differentiation between populations. However,
a clear genetic structure could not be established at long
distances despite generalized differentiation between
the samples (Costantini et al. 2007b). Moreover, the
ITS-1 signal might be affected by a lack of concerted
evolution (Caldero´n et al. 2006).
The major goals of this study were to analyse the link
between geographical distance and genetic structure
and to gain insight into the distribution of genetic
diversity. Using 10 microsatellite loci and a sampling of
40 shallow populations separated by a range from tens
of metres to hundreds of kilometres and dwelling in
different environments, three main objectives were
addressed: (i) to thoroughly define the population struc-
ture and relationships with particular emphasis on dis-
persal patterns over the whole area and within each
regional-cluster; (ii) to conduct the first analysis of the
patterns of genetic diversity using comparative
approaches; and (iii) to test for deviation from muta-
tion-drift equilibrium impacting the genetic diversity of
the studied samples. The results, discussed in light of
the species’ life history traits, should further our under-
standing of the evolutionary history of the shallow red
coral populations. In particular, we show for the first
time that isolation by distance (IBD) occurs at different
spatial scales in this species. Moreover, we reveal con-
trasting patterns of genetic structure among the analy-
sed regional-clusters. We also demonstrate a strong
heterogeneity in the distribution of genetic diversity
and we highlight the particular status of the Balearic
cluster. These results constitute valuable data for con-
servation of red coral populations and could also be
useful for other species with similar life-history traits
belonging to the threatened Mediterranean rocky ben-
thic community. Finally, this study is necessary for
exploration of the adaptive capacity of red coral popu-
lations facing the ongoing shifts in environmental con-
ditions (Ferrie`re et al. 2004).
Materials and methods
Sampling and DNA extraction
Corallium rubrum colonies were sampled by scuba div-
ing at 40 sites corresponding to different habitats (over-
hangs, caves and interior of caves) and located at
the upper limit (between 14 and 60 m in depth) of the
bathymetric distribution of the species between the
years 2003 and 2006. Two to 22 sites were thus sampled
in four geographically distinct parts of the species
range: the northwestern part of Corsica, Catalonia, the
northern part of the Balearic Islands and the Liguro-
Provenc¸al region (Fig. 1; Table 1). These regions are
well separated based on their insular position or due to
the lack of continuous shallow rocky habitats between
them (such as between Catalonia and the Liguro-Prov-
enc¸al region). One apical fragment measuring 2–3 cm,
from around 30 colonies per site (from 21–50; mean
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30.5 ± 5.2), was hand-collected randomly to cover the
area of each study site. The resulting 1222 red coral
fragments were preserved in 95% ethanol and stored at
)80C until DNA extraction. Total genomic DNA was
extracted from 5–10 polyps using standard proteinase
K ⁄ SDS digestion followed by phenol-chloroform-isoam-
yl alcohol (25:24:1) extraction (Sambrook et al. 2001).
Microsatellite analysis
All individuals were genotyped using 10 microsatellite
loci (Table 2) from three different sources: Ecogenics
GmbH, Bioprofiles LTD (Newcastle University) and
Costantini & Abbiati (2006) (see Supporting Informa-
tion). PCR amplifications were realized in a final reac-
tion volume of 10 lL containing 1 lL of DNA, 2 lL of
5X Colourless GoTaq Flexi Buffer (Promega), 0.2 mM of
dNTPs, 0.25 U of GoTaq DNA Polymerase (Promega),
3 mM of MgCl2 and 1 lM of each primer. The forward
primer was fluorescently labelled. The PCR reactions
were done as follows for all loci, except COR9bis and
COR46bis: 95 C for 2 min followed by 25 cycles of
94 C for 30 s and annealing temperature for 30 s with-
out elongation; the final step was 72 C for 20 min (C.
Hubert Functional Genomic Bordeaux, pers. comm.).
Amplifications of the two remaining loci were done
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Fig. 1 Location of 40 sites distributed among the four regions (A: Liguro-Provenc¸al, B: Corsica, C: Balearic Islands, D: Catalonia)
analysed in the present study. Correspondences between sample names and locations are shown in Table 1. Grey arrows represent
the predominant sea surface currents as defined in Millot (1999). Circles correspond to assignment results for each sample obtained
with STRUCTURE for K = 4.
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following Costantini & Abbiati (2006), but with a last
extension step at 72 C for 20 min.
Electrophoresis of the amplification products was
conducted on an ABI3130 genetic analyser (Applied
Biosystems) by multiplexing PCR products (Mic13 ⁄ -
Mic22 ⁄Mic24 ⁄Mic27, Mic23 ⁄Mic25 ⁄Mic26 and COR9-
bis ⁄Mic20 ⁄COR46bis) and using an internal size
standard for sizing (Genescan 600 LIZ, Applied Biosys-
tems). Three reference individuals were included in
each migration. Electropherograms were analysed with
Genemapper version 3.0 (Applied Biosystems).
Microsatellite characteristics
MICROCHECKER v.2.2.3 (Van Oosterhout et al. 2004)
was used to test for large allele dropout and scoring
errors due to stutters. Frequencies of null alleles were
estimated for each sample and locus by the expectation
maximization algorithm (Dempster et al. 1977) imple-
mented in FREENA (Chapuis & Estoup 2007). Repeat-
ability tests based on extraction and genotyping
replicates were performed to control the genotyping
procedure. The results obtained suggested that PCR
Table 1 Corallium rubrum samples collected for the study
Geographic region Sample location Label Latitude (North) Longitude (East) Depth (m) Habitat N
Provenc¸o-Liguria Punta dell’Altare PDA 44.3055 9.21481 35 2 29
Provenc¸o-Liguria Monaco MON 43.7349 7.43342 35 2 21
Provenc¸o-Liguria Villefranche VIL 43.6896 7.34897 22 1 36
Provenc¸o-Liguria Grotte Tremies TRM 43.2012 5.51339 14 3 26
Provenc¸o-Liguria Castelvieil CAS 43.1976 5.49875 16 2 30
Provenc¸o-Liguria Figuier exte´rieur FIE 43.205 5.44723 20 2 29
Provenc¸o-Liguria Figuier inte´rieur FII 43.205 5.44736 20 3 27
Provenc¸o-Liguria Grand Congloue´ GC 43.1759 5.40185 40 1 30
Provenc¸o-Liguria Grand Congloue´ GRC 43.1754 5.40097 52 2 29
Provenc¸o-Liguria Impe´riales du large IML 43.1698 5.39435 60 2 23
Provenc¸o-Liguria Riou Sud RIO 43.1728 5.3886 40 2 29
Provenc¸o-Liguria Riou Sud Exte´rieur RIE 43.1728 5.38942 20 2 25
Provenc¸o-Liguria Riou Sud Inte´rieur RII 43.1729 5.38941 20 3 33
Provenc¸o-Liguria Plane PLA 43.1869 5.39117 38 2 29
Provenc¸o-Liguria Grotte a` Pe´res entre´e GPE 43.1869 5.39029 20 2 50
Provenc¸o-Liguria Grotte a` Pe´res inte´rieur GPI 43.1868 5.39029 20 3 28
Provenc¸o-Liguria Pharillons de Maı¨re PHA 43.2074 5.3382 39 1 32
Provenc¸o-Liguria Tiboulen du Frioul TFR 43.28 5.2876 38 1 38
Provenc¸o-Liguria Grotte a` corail GCO 43.2102 5.33273 20 3 29
Provenc¸o-Liguria Carry le Rouet CAR 43.3226 5.162 20 1 35
Provenc¸o-Liguria Carro CRO 43.3151 5.06052 21 1 32
Provenc¸o-Liguria Ponteau ⁄ Lavera PON 43.3643 4.99941 21 1 28
N-W Corsica Grotte Palazzinu PUA 42.3798 8.55009 40 2 32
N-W Corsica Passe Palazzu PPA 42.3799 8.54758 27 1 29
N-W Corsica Palazzu (grotte a` corail) PZU 42.3802 8.54635 22 2 34
N-W Corsica Palazzu PZP 42.3802 8.54575 40 2 28
N-W Corsica Garganellu GGU 42.3726 8.5369 43 2 32
N-W Corsica Cala di Ponte CDP 42.3546 8.55209 26 1 30
N-W Corsica Baja casju BCA 42.3496 8.55095 30 1 28
N-W Corsica Porto POR 42.2725 8.68812 24 1 29
Catalonia Cap de l’Abeille BAN 42.475 3.16192 25 1 21
Catalonia Sec Rederis SRE 42.4641 3.16658 23 2 27
Catalonia Cap de Norfeu NOR 42.2443 3.26684 24 1 30
Catalonia Pota del Lop POT 42.0497 3.2254 35 2 35
Catalonia Cova de la Reina CDR 42.0461 3.22477 14 1 38
Catalonia Cova de la vaca SE COV 42.0472 3.22583 18 1 39
Catalonia Carall Bernat BER 42.0422 3.22816 18 1 27
Catalonia Meda xica tunel dofi SE XIC 42.0436 3.22644 35 1 34
Balearic Islands Cap Formentor FOR 39.9964 3.21188 36 1 32
Balearic Islands Llosa des Patro Pere LPP 40.0726 4.1075 34 1 29
Habitat numbers correspond respectively to 1 = overhang; 2 = cave entrance; 3 = inside cave. N: number of colonies sampled at
each site.
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reactions and genotyping were repeatable (data not
shown).
The total number of alleles, size range, observed (Ho)
and unbiased heterozygosity (He Nei 1973) were calcu-
lated for each locus using FSTAT v.2.9.3 (Goudet 2001).
Hardy–Weinberg equilibrium
GENETIX v.4.05 (Belkhir et al. 2004) was used to test
the null hypothesis of linkage equilibrium for each pair
of loci in each sample with a permutation procedure
(n = 1000). Departure from panmixia was tested for
each sample using the score test for heterozygote defi-
ciency in GENEPOP 4.0 (Rousset 2008). Significance
was addressed by a Markov Chain (MC) algorithm
(Guo & Thompson 1992; Raymond & Rousset 1995),
with default parameters. The f estimator of FIS (Weir &
Cockerham 1984) was computed for each sample using
GENETIX.
Interpopulation differentiations and isolation by
distance
Global and pairwise differentiations between samples
were quantified using Weir and Cockeram’s (1984) esti-
mator of FST (h) in GENETIX. Genotypic differentiation
between samples was tested using an exact test based
on the MC algorithm (Guo & Thompson 1992) with
default parameters in GENEPOP.
Pattern of isolation by distance was analysed follow-
ing Rousset’s method (1997). Geographic distances were
measured using GOOGLE EARTH v.5.0 (http: ⁄ ⁄ earth.
google.fr ⁄ ), using Euclidian distance or taking into
account the minimum distances between regions along
the path of the predominant surface current as defined
in Millot (1999) (Fig. 1 and Table S3, Supporting Infor-
mation). Slatkin’s linear FST [FST ⁄ (1 – FST)] was
regressed on the logarithm of the distance [Ln(d)], as
recommended for a two-dimensional model of IBD
(Rousset 1997) using GENEPOP. The significance of the
correlation between the two distance matrices was
tested using a Mantel test (1967) (n = 2000) in GENE-
POP. IBD was also assessed independently over each of
the three clusters (Liguro-Provenc¸al, Corsican and Cata-
lonian) for which the number of available samples was
sufficient.
Hierarchical analyses of molecular variance (AMOVA)
were conducted in ARLEQUIN v.3.10 (Excoffier et al.
2005) in order to quantify genetic variation among
samples (FST), among samples within a group (Fsc) and
among groups (Fct). Significance of F-statistics was
achieved using 1000 permutations. AMOVA tests were
performed first using the groups defined by STRUC-
TURE v.2.2 (Pritchard et al. 2000) for K = 4 (see below)
and then within each of these groups, except for the
Balearic cluster because of its low number of samples.
Clustering analyses
Simulated dataset. We used computer simulations to
evaluate the effect of positive and significant FIS on
STRUCTURE, considering genetic parameters close to
those observed for C. rubrum. The behaviour of the
model allowing for separate alpha values among clus-
ters was also evaluated under the simulated scenarios.
The obtained results showed that the two models
(admixture with correlated allele frequencies with the
same alpha or with separated alphas) gave good results
despite HW equilibrium not being met in all samples
(see Supporting Information).
Real dataset. The underlying population structure con-
tained in the data was analysed using the Bayesian
approach implemented in STRUCTURE v.2.2 (Pritchard
et al. 2000; Falush et al. 2003, 2007) that infers the number
of genetic clusters K from the individual’s genotypes
dataset. Ten different runs of 200 000 burn-in followed
by 500 000 iterations were computed for each K value,
with the model allowing for admixture and correlated
allele frequencies between clusters, and using the reces-
sive allele option to deal with null alleles (Falush et al.
2007). Alpha, the degree of admixture between the K
clusters, was evaluated separately for each cluster. Fol-
lowing the recommendations of Rosenberg et al. (2002)
and Jakobsson et al. (2008) for cases of large datasets,
we first studied the behaviour of STRUCTURE at sev-
eral small values of K during a first round of analysis
and then we looked for additional substructure on par-
titioned datasets during a second round. For the first
round, the whole dataset (1222 individuals) was used.
K was set to vary between 1 and 8 and only the small-
est values were discussed (from K = 2 to K = 4). The
clustering solution given for K = 4 was then used to
divide the whole dataset into four partitioned datasets
that were subsequently analysed in a second round of
STRUCTURE with K varying between 1 and 23 (i.e. the
total number of samples plus one). A K value was then
selected for each partitioned dataset based on the plot
of LnP(D) (the logarithm of the likelihood of observing
the data) as a function of K (Waples & Gaggiotti 2006;
Pritchard et al. 2007) and looking for the value that cap-
tured the major structure in the data (Pritchard et al.
2007). When only one clustering solution appeared for a
selected K value, CLUMPP v.1.1 (Jakobsson & Rosen-
berg 2007) was used to average the assignment scores
over the 10 runs. If several solutions were observed, the
symmetric similarity coefficient (SSC) was used to pool
runs belonging to the same mode (i.e. SSC > 0.9)
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(Jakobsson et al. 2008) and the mode with the highest
likelihood was selected. Finally, DISTRUCT v.1.1
(Rosenberg 2004) was used for graphical display.
Estimation and distribution of genetic diversity
Genetic diversity analyses focused on gene diversity
(He), allelic richness [Ar(g)] and private allelic richness
[Ap(g)]. A rarefaction method (Petit et al. 1998) was
applied to obtain estimates of Ar(g) and Ap(g) indepen-
dently of the sample size, with g representing the mini-
mum number of genes observed at one locus in one of
the samples (i.e. twice the number of genotypes). These
computations were done for g equal to 22 (Mic22 for
MON) or 66 (Mic22 for Catalonia), depending on
whether the samples or the four regional-clusters
defined by STRUCTURE were considered.
The coefficient Arst(g) was computed for g = 22 to
measure the partitioning of allelic richness among
samples (Petit et al. 1998) using ADZE (Szpiech et al.
2008). ADZE was also used to compute Ar(22) and
Ap(22) for each sample and Ar(66) and Ap(66) for
each cluster. Computations of He were done with
FSTAT. Comparisons of He and Ar(66) values between
each cluster were done using pair-group comparisons
and the one-sided probability test implemented in
FSTAT.
The occurrence of deviation from mutation-drift equi-
librium linked to recent demographic events and affect-
ing the genetic diversity within samples was tested
using BOTTLENECK 1.2.02 (Piry et al. 1999). The
expected heterozygosity under mutation-drift equilib-
rium (Heq) was computed for each locus considering a
two-phase model (TPM) (Di Rienzo et al. 1994), with
95% of the stepwise mutation model (SMM) and
variance among multiple steps equal to 12 (Piry et al.
1999). The null hypothesis of ‘no significant difference
between He and Heq’ was then tested using the
Wilcoxon’s signed rank-test.
For all analyses, significance levels were corrected
using a false discovery rate (FDR) correction for multi-
ple tests (Benjamini & Hochberg 1995) when necessary.
Results
Microsatellite characteristics
According to MICROCHECKER, no evidence of scor-
ing errors due to stuttering or large allele dropout was
found in the whole data set. All loci were polymorphic
in all populations. Total numbers of alleles ranged
between 7 for Mic13 and 67 for Mic27, with a mean of
35 alleles per locus. Observed heterozygosity varied
from 0.18 for Mic13 to 0.89 for Mic26. Unbiased hetero-
zygosity ranged from 0.53 for Mic13 to 0.94 for Mic27.
Mean estimated null allele frequencies by locus varied
from 0.01 for Mic26 to 0.4 for Mic23 and COR9bis,
with a mean value of 0.21 per locus (Table 2). No glo-
bal significant LD among loci was detected considering
overall samples (all P > 0.05 after FDR correction).
Deviations from Hardy–Weinberg equilibrium
Significant linkage disequilibrium (LD) among pairs of
loci was observed in 10 samples, implying different
pairs of loci and different numbers of pairs of loci (from
1 for CAR to 4 for XIC). Significant heterozygote defi-
ciencies were observed in all samples (Table 3). Mul-
tilocus values of the FIS estimator (f) ranged between
0.2 for XIC and PDA and 0.47 for GRC with a mean
value equal to 0.31. Considering each locus separately, f
values ranged from )0.3 for Mic20 for PDA to 1 for
Mic13 for PDA, MON and TRM and for Mic25 for CDP.
Departures from panmixia varied between loci and
samples. Whereas COR9bis showed significant hetero-
zygote deficiencies in all samples, the null hypothesis of
panmixia was not rejected for Mic26 in any sample
(Table S2). Mean estimated null allele frequency (r)
values over all loci by sample were scattered from 0.10
for PPA to 0.35 for PON, with a mean of 0.21. Wahlund
effect and ⁄ or inbreeding could partially explain the
significant heterozygote deficiencies and the LD
reported in 10 samples.
Population structure analysis
FST, IBD and AMOVA. Global FST was 0.097, and pairwise
FST between all pairs of samples ranged from )0.001
between GPE and GPI to 0.212 between RIE and PZU.
After the FDR correction, 779 among 780 pairwise com-
parisons appeared significant (Table S3, Supporting
Information), suggesting a generalized differentiation
between samples. Significant differentiations were
observed even between samples belonging to the same
site and depth but to different environments, and
separated by less than 10 m (e.g. RIE vs. RII; FIE vs. FII
but GPE vs. GPI). The non-significant comparison
implied GPI and GPE that belong to the same site and
depth but to different environments (interior cave vs.
cave entrance).
The correlation between FST ⁄ (1 ) FST) and Ln(d) was
significant using Euclidian distance (rLn(d) = 0.377;
P < 0.001) or taking into account major surface currents
between regions (rLn(d) = 0.382; P < 0.001), confirming
the occurrence of an IBD model of gene flow (Fig. 2A).
At the cluster scale, correlations were also significant
for the Liguro-Provenc¸al (rLn(d) = 0.530; P < 0.05) and
the Catalonian clusters (rLn(d) = 0.864; P < 0.01) but not
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for the Corsican cluster (rLn(d) = 0.168; P = 0.39)
(Fig. 2B).
The AMOVA showed that differentiation among the
four clusters and among samples within these clusters
was highly significant. However, the percentage of total
variation explained by grouping into clusters was
around three times lower than the variation explained
by the differences among samples within clusters (2.7%
vs. 6.7%, respectively). Within a cluster, 7.9%, 7.8%
and 4.2% of the total variation was observed among
samples whereas the variation within samples repre-
sented 92.1%, 92.2% and 95.8% for the Corsican, Lig-
uro-Provenc¸al and Catalonian clusters, respectively. In
every case, the corresponding F-statistics were signifi-
cant (P < 0.001) (Table 4).
Clustering with STRUCTURE. During the first round of
STRUCTURE, each new cluster appeared along plausible
Table 3 Measures of genetic diversity for 40 shallow samples of Corallium rubrum based on 10 microsatellites loci
Ho He f Ar(22) Ap(22) Pw10
PDA 0.54 (0.29) 0.68 (0.23) 0.2 6.47 (3.56) 0.19 (0.35) 0.1
MON 0.46 (0.3) 0.62 (0.25) 0.26 5.7 (3.62) 0.04 (0.13) 0.14
VIL 0.5 (0.29) 0.73 (0.16) 0.31 6.61 (3.03) 0.27 (0.42) 0.01
TRM 0.47 (0.34) 0.73 (0.16) 0.37 7.05 (3.78) 0.05 (0.1) 0.01
CAS 0.55 (0.26) 0.76 (0.16) 0.28 8.07 (3.35) 0.04 (0.08) 0.02
FIE 0.48 (0.24) 0.75 (0.13) 0.36 7.17 (2.88) 0.16 (0.41) 0.14
FII 0.43 (0.22) 0.72 (0.16) 0.41 6.98 (2.72) 0.12 (0.2) 0
GC 0.49 (0.28) 0.71 (0.18) 0.31 6.91 (3.33) 0.03 (0.05) 0.01
GRC 0.4 (0.29) 0.75 (0.19) 0.47 7.79 (3.53) 0.05 (0.09) 0.01
IML 0.48 (0.32) 0.77 (0.19) 0.38 8.31 (3.97) 0.13 (0.31) 0.31
RIO 0.5 (0.35) 0.83 (0.13) 0.41 9.16 (4.08) 0.17 (0.3) 0.25
RIE 0.53 (0.37) 0.67 (0.23) 0.21 6.13 (3.06) 0 (0) 0.02
RII 0.52 (0.29) 0.79 (0.13) 0.35 7.48 (3.54) 0.13 (0.28) 0.35
PLA 0.47 (0.3) 0.75 (0.13) 0.37 6.83 (3.03) 0.04 (0.09) 0.12
GPE 0.47 (0.32) 0.75 (0.18) 0.37 7.6 (3.22) 0.12 (0.3) 0
GPI 0.49 (0.26) 0.75 (0.17) 0.35 7.23 (3) 0.02 (0.03) 0.05
PHA 0.46 (0.33) 0.67 (0.27) 0.32 6.85 (4) 0.19 (0.31) 0.01
TFR 0.49 (0.33) 0.72 (0.19) 0.33 7.12 (4.1) 0.11 (0.18) 0.19
GCO 0.46 (0.34) 0.73 (0.14) 0.38 6.81 (3.51) 0.06 (0.13) 0.01
CAR 0.48 (0.34) 0.66 (0.19) 0.27 5.15 (2.76) 0.15 (0.3) 0.1
CRO 0.52 (0.32) 0.77 (0.16) 0.33 7.96 (3.68) 0.11 (0.24) 0.02
PON 0.43 (0.3) 0.76 (0.16) 0.44 7.78 (3.38) 0.04 (0.06) 0.1
PUA 0.57 (0.27) 0.75 (0.17) 0.25 7.86 (3.71) 0.24 (0.32) 0.01
PPA 0.55 (0.31) 0.72 (0.23) 0.23 7.23 (3.69) 0.16 (0.26) 0.1
PZU 0.46 (0.22) 0.7 (0.18) 0.34 6.2 (3.42) 0 (0.01) 0.19
PZP 0.57 (0.25) 0.72 (0.21) 0.21 6.85 (3.73) 0.09 (0.18) 0.25
GGU 0.52 (0.26) 0.74 (0.18) 0.3 6.7 (3.29) 0.11 (0.17) 0.25
CDP 0.46 (0.29) 0.72 (0.13) 0.37 6.24 (3.03) 0.03 (0.06) 0.14
BCA 0.6 (0.3) 0.8 (0.13) 0.25 8.34 (3.46) 0.12 (0.14) 0.12
POR 0.44 (0.25) 0.68 (0.21) 0.37 6.37 (3.17) 0.26 (0.37) 0.19
BAN 0.58 (0.28) 0.8 (0.1) 0.29 7.53 (3.23) 0.02 (0.05) 0.61
SRE 0.42 (0.28) 0.72 (0.2) 0.42 6.94 (2.58) 0.03 (0.06) 0.12
NOR 0.57 (0.34) 0.76 (0.17) 0.26 7.38 (3.61) 0.03 (0.06) 0.19
POT 0.54 (0.18) 0.76 (0.16) 0.3 8.14 (3.49) 0.06 (0.1) 0.01
CDR 0.5 (0.25) 0.68 (0.21) 0.28 6.98 (3.46) 0.04 (0.07) 0.01
COV 0.55 (0.26) 0.75 (0.16) 0.27 8.07 (3.67) 0.09 (0.13) 0.01
BER 0.56 (0.23) 0.76 (0.14) 0.27 7.94 (3.51) 0.05 (0.14) 0.05
XIC 0.56 (0.24) 0.74 (0.17) 0.2 7.66 (3.25) 0.1 (0.16) 0.01
FOR 0.62 (0.33) 0.78 (0.19) 0.22 9.48 (5.43) 1 (1.94) 0.08
LPP 0.57 (0.26) 0.82 (0.12) 0.31 9.08 (3.61) 0.55 (0.49) 0.053
Mean Value 0.51 (0.05) 0.74 (0.04) 0.32 7.3 (0.91) 0.13 (0.17)
Ho: observed heterozygosity; He: gene diversity (Nei 1967); f: Weir & Cockerham (1984) estimator of FIS; Ar(22) and Ap(22): allelic
and private allelic richness, respectively, with rarefaction for a corresponding sample size of 22; Pw10: P values of the Wilcoxon test
for differentiation between He and Heq as implemented in BOTTLENECK using the 10 loci. Standard deviations are in brackets.
Values in bold are significant at the 0.05 level after FDR correction.
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geographical boundaries for K ranging from 2 to 4
(Fig. 3). For K = 2, a clear distinction was made between
the 21 Liguro-Provenc¸al samples (except PDA) and the
remaining samples. For K = 3, the N-W Corsica ⁄Balearic
samples were separated from the Catalonian ones. POR
and PDA samples, which belonged to Corsican and Lig-
uro-Provenc¸al regions, respectively, were assigned in the
cluster with Catalonian samples. For K = 4, two different
clustering solutions were observed. Based on likelihood
criteria, the retained mode separated samples into four
clusters that respected the four geographical regions,
with the exception of POR (Corsica), which was pooled
with the Catalonian samples. Samples with a mixed
assignment among the four clusters (POR, PDA, BAN
and SRE) were assigned to the cluster with the highest
mean assignment scores. Each of these four clusters was
then submitted to a second round of STRUCTURE
(Fig. 3). For the Liguro-Provenc¸al cluster, K = 5 gave the
solution that captured most of the structure in the data.
Following geographical distribution, CAR, PDA and
MON ⁄VIL represented three clusters. The two remaining
clusters were centred on RIE and PHA and grouped
quite distant samples such as TRM and TFR. For the
Corsican cluster, K = 5 was selected. PUA, PZP and BCA
belonged to one cluster and each of the remaining sam-
ples represented their own group. For the Catalonian
cluster, the retained solution was K = 4. POR represented
one cluster. BAN and SRE were grouped together. NOR
was isolated in its own cluster and POT, CDR, COV, XIC
and BER belonged to the fourth one. This clustering
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Fig. 2 Isolation by distance pattern (A) in the surveyed area, taking into account the minimum distances between regions along the
path of the predominant surface current and (B) within each cluster. The two graphs show the linear regression of the genetic
distance measured as FST ⁄ (1 ) FST) over logarithms of the geographic distance (m). Solid and dashed lines represent significant and
non-significant regressions, respectively.
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followed the geographical partitioning of the samples.
Finally, for the Balearic cluster, STRUCTURE failed to
detect any structure. In every identified cluster, the mean
value of alpha (admixture parameters) was relatively
constant (variation of < 0.2), confirming the existence of a
real structure. This value was always inferior to 1 (mean
± SD = 0.08 ± 0.05 over the two rounds), implying that
levels of admixture between identified clusters are very
small.
Genetic diversity analysis
There were on average 7.4 alleles per polymorphic
locus and per sample, considering 22 gene copies
Table 4 Results of the analysis of molecular variance (AMOVA): (a) on the whole dataset partitioning genetic variance among Coralli-
um rubrum colonies, among samples within cluster and among clusters; (b) within each identified cluster partitioning genetic variance
among colonies and among samples
Source of
variation
Grouping based on
Structure results for
K = 4 Liguro-Provenc¸al cluster Corsican cluster Catalonian cluster
DDL
% of
variance P DDL
% of
variance P DDL
% of
variance P DDL
% of
variance P
Among clusters 3 2.7 <0.001
Among samples
within cluster
36 6.7 <0.001 21 7.8 <0.001 6 7.9 <0.001 8 4.2 <0.001
Among individuals
within samples
2404 90.6 <0.001 1314 92.2 419 92.1 551 95.8
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[Ars(22)]. At the global level, the mean Art(22) was
equal to 10.2 alleles per locus, resulting in a high
Arst(22) equal to 0.3. This value was larger than the glo-
bal FST value (0.097). Using the rarefaction method, 47.4
alleles (16.8%) were observed in all clusters. The Balea-
ric cluster showed the most important private allelic
richness [Ap(66)], with 41.5 alleles (14.7%) private to
this cluster, followed by the Liguro-Provenc¸al cluster
with 22.2 (7.9%) and the Catalonian and Corsican clus-
ters with 21.2 (7.5%) and 17.7 (6.3%), respectively. Val-
ues of Ar(66) were equal to 7.1, 7.1, 7.5 and 9.3,
whereas He values were equal to 0.74, 0.74, 0.75 and
0.81 for the Liguro-Provenc¸al, the Corsican, the Catalo-
nian and the Balearic cluster, respectively. Only the
pairwise comparisons involving the Balearic cluster
were significant, indicating a higher level of genetic
diversity for this cluster.
At the sample level, gene diversity ranged from 0.62
for MON to 0.83 for RIO. Ar(22) and Ap(22) values were
scattered from 5.15 for CAR to 9.48 for FOR (Table 3)
and from 0 for RIE and PZU to 1 for FOR. Ar(22) was
highly correlated with gene diversity (R-spearman: 0.86;
dof: 38; P < 0.05; R2 = 0.74) but not with Ap(22) (R-spear-
man: 0.23; dof: 38; P = 0.1426; R2 = 0.05).
Based on the Wilcoxon signed rank-test, recent
changes in the effective population size were detected.
Sixteen samples (Table 3) showed significant heterozy-
gote deficiency compared to the mutation-drift equilib-
rium, revealing a putative population expansion (see
Discussion).
Discussion
Distribution of genetic diversity from global to sample
scale with a focus on the Balearic region
Genetic diversity was evaluated for the first time at
three different levels: global, regional (corresponding to
the four clusters defined with STRUCTURE) and sam-
ple levels. As a whole, the levels of gene diversity were
high and they were globally higher than those reported
previously for the same species (Costantini et al. 2007b)
(mean He by samples over loci: 0.77 vs. 0.50 and mean
He by samples: 0.89 vs. 0.78). This discrepancy is proba-
bly due to differences in the number and identity of
loci, since the two loci used in both studies show simi-
lar diversity levels. However, the present values still fall
within the range of those previously reported for octo-
corallian species [e.g. Corallium lauuense, He from 0.86–
0.96 (Baco & Shank 2005)] or other cnidarian species
[e.g. Acropora palmata, He from 0.58–0.85 (Baums et al.
2005)].
This high genetic diversity is not homogenously
shared, since only 16.8% of alleles were found in the
four clusters. This result was refined based on the large
difference observed between global Arst(g) and FST val-
ues, highlighting the fact that rare alleles tend to be
clustered only in some samples (Comps et al. 2001). At
the regional level, the particular status of the Balearic
region previously suggested (Costantini et al., 2007b)
was statistically confirmed with He and Ar(66) being
significantly higher for this area. Moreover, Ap(66) was
found to be two times higher for this cluster when com-
pared to the other clusters. Based on these parameters,
the three remaining regions (NW Corsica, Liguro-Prov-
enc¸al and Catalonia) were not found to be significantly
different from each other. Interestingly, Rozenfeld et al.
(2008) recently emphasized the importance of the Balea-
ric populations of Posidonia oceanica as genetic suppliers
for the surrounding populations. Two non-exclusive
hypotheses can be formulated to explain the high
genetic diversity observed for the Balearic populations
of P. oceanica and C. rubrum, despite their divergent life
history traits. The first hypothesis is based on contem-
porary oceanographic observations, by which the Balea-
ric region is defined as a transition region between the
Liguro-Provenc¸al and the Algerian basin, each charac-
terized by two contrasting dynamic regimes that induce
highly variable hydrological conditions (Garcı´a et al.
1994). These conditions could have led to the frequent
mixing of different gene pools from the south and the
north of the islands, contributing to the high level of
observed genetic diversity (Rozenfeld et al. 2008). The
second hypothesis is based on the observation that colo-
nization processes are usually followed by an important
decrease in genetic variability away from refugia (He-
witt 2000). Despite the absence of data concerning the
past distribution of C. rubrum populations, we may
hypothesize that the significantly higher genetic diver-
sity observed for the Balearic cluster could result from
the geographic proximity between the Balearic Islands
and some putative glacial refugia, when compared to
other regions under study.
Heterogeneity in patterns of diversity is also reported
at the sample level. This heterogeneity is not linked to
depth or to the habitats of the samples, suggesting that
these factors do not influence the levels of genetic
diversity (data not shown). Although the allelic and pri-
vate allelic richness are not correlated, the highest val-
ues were observed for two samples coming from the
Balearic region. The independence between these two
parameters underscores their complementarities and the
necessity to estimate both of them. Moreover, focusing
more precisely on these two parameters is essential to
ensure that the widest range of existing alleles is avail-
able for future evolution (Bonin et al. 2007; also see
below). Finally, the bottleneck analysis detected signs of
population expansion (i.e. a population recovering from
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a past bottleneck) for 16 samples. However, the Wahl-
und effect could mimic population expansion (Cornuet
& Luikart 1996; Dupont et al. 2009). This confounding
effect could therefore partially explain the observed
results, since five of these 16 samples (XIC, RIE, GCO,
PUA and CRO) showed significant LD putatively linked
to the Wahlund effect (Slatkin 2008). The absence of sig-
nificant signal of population reduction also needs to be
treated with caution. Indeed, inertia in the loss of genetic
diversity inducing inaccurate inference on recent demo-
graphic events has been observed in the case of long-
lived species (Kuo & Janzen 2004; Lippe´ et al. 2006) or
when IBD structure occurred (Leblois et al. 2006).
Population relationships
The influence of geographical proximity on genetic rela-
tionships was demonstrated by the IBD observed over
the surveyed area. This result refutes the hypothesis of
an island model of dispersal previously proposed (Co-
stantini et al. 2007b) and suggests the occurrence of
migration-drift equilibrium among neighbouring popu-
lations (Hutchison & Templeton 1999). However,
despite this clinal genetic variation that could be prob-
lematic for STRUCTURE (Guillot & Santos 2009; also
see Rosenberg et al. 2005; Chen et al. 2007), genetic dis-
continuities were revealed, putatively explaining the
relatively low R2 value (0.15) of the regression model.
Indeed, the first round of clustering revealed a structure
pattern that followed the geographical partitioning of
the samples and potentially also the distribution of suit-
able habitats (e.g. bathymetric barrier between Corsican
and Balearic clusters or absence of rocky habitats
between Catalonian and Liguro-Provenc¸al clusters). The
AMOVA results confirmed that the differentiation among-
clusters was significant, but it was low compared to the
differentiation among-samples within clusters. Two
non-exclusive hypotheses could be proposed to explain
this result. Microsatellites are susceptible to size homo-
plasy (SH) that could have consequences on inferred
relationships among populations (Viard et al. 1998).
Effective population size, mutation rates and models
and divergence time between-populations, all affect SH,
but most of these parameters are unknown. However,
the impact of SH on assignment methods is negligible
when the markers used show a high level of heterozy-
gosity (Estoup et al. 2002), as observed with our dataset.
The weak regional genetic structure may also be
explained by a putative inter-regional gene flow pre-
venting divergence by genetic drift. However, this is
unlikely considering the IBD revealed over the sur-
veyed area. Alternatively, this structure could be due to
the retention of an ancestral polymorphism that could
be enhanced by longevity (Lippe´ et al. 2006). A shared
ancestral polymorphism implies a recent split between
regional-clusters and ⁄or large effective population sizes.
High heterozygosity values and large amounts of null
alleles could be interpreted as cues for a large effective
population size (Chapuis & Estoup 2007; Hellberg
2007), but analyses of temporal samples are needed to
confirm this parameter. Regarding the recent divergence
hypothesis, the sea level was around 120 m lower than
it is today during the last glacial maximum (LGM,
21 000 BP) (Lambeck & Bard 2000). The recolonization of
new habitats was mostly done gradually because of the
observed IBD. C. rubrum is estimated to reach sexual
maturity at approximately 10 years of age (Torrents et
al. 2005). However, at least 20 years are needed to reach
high reproductive potential (Garrabou & Harmelin
2002; Santangelo et al. 2003). These parameters therefore
imply that the recolonization occurred within a maxi-
mum of 2000 generations, highlighting the relatively
recent origin of these shallow populations, and poten-
tially explaining the low genetic divergence observed
between regional-clusters.
The within cluster analysis emphasized the different
structure patterns among the three studied regions. The
subdivision of samples was indeed stronger for the
Corsican than for the Liguro-Provenc¸al and the Catalo-
nian clusters, with, respectively, 7.9%, 7.8% and 4.2%
of the total genetic variation observed among samples.
This is in agreement with the stronger mean assignment
of individuals for the Corsican and the Liguro-Proven-
c¸al clusters than for the Catalonian cluster during the
first round of clustering analysis (data not shown).
Based on the IBD results, these differences between the
three clusters could be explained in terms of their con-
cordance with the regional drift-gene flow equilibrium
(Hutchison & Templeton 1999). The absence of signifi-
cant IBD in the Corsican cluster (r = 0.168; P = 0.39)
and the wide range of the scatterplot observed for the
regression model suggest a stronger impact of genetic
drift in this cluster compared to the other ones, where
IBD is observed putatively due to regional drift-gene
flow equilibrium. As previously shown, despite these
clinal variations, STRUCTURE results suggest a puta-
tive barrier to gene flow between the north and the
south of the Cap de Creus in the Catalonian region.
Regarding the Liguro-Provenc¸al cluster, the eastern
(PDA, MON ⁄VIL) and CAR samples were isolated from
the remaining ones, indicating putative barriers to gene
flow.
Evolutionary hypothesis and consequences for
conservation and management plans
The results presented above allow us to suggest an evo-
lutionary scenario to explain the observed pattern of
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nuclear genetic diversity. Due to restricted dispersal
abilities and IBD, we argue that recolonization from
LGM refugia probably occurred mainly following a
gradual process. Regarding the generation time of the
species, this process is likely to have been recent, poten-
tially inducing the retention of ancestral polymorphism
and the weak regional structure observed. At the same
time, the differential reproductive success (Costantini et
al. 2007a), combined with the localized dispersal, could
induce small-scale genetic structure coupled with high
heterogeneity in the distribution of nuclear genetic
diversity. Small-scale studies with known spatial loca-
tions of individuals, designed to help define breeding
units (e.g. Underwood et al. 2007) and specific sam-
plings of cohorts to evaluate the effective size of red
coral populations (e.g. Caldero´n et al. 2009) are needed
to test these different hypotheses. Analyses of popula-
tions from the Algerian basin and from deep habitats,
such as below sea level during the LGM, should also
help to refine this evolutionary history.
The results of the present study provide information
that could significantly enhance the management of
shallow populations of C. rubrum. Because of their slow
dynamics, the recovery of red coral populations from
environmental disturbances should be measured in dec-
ades (Garrabou et al. 2001). As a complement, the
strong genetic differentiation between nearby samples
implies that this recovery should be mainly due to self-
recruitment. The genetic diversity results obtained at
different spatial scales correspond to a baseline for
monitoring genetic consequences of actual global
changes (Schwartz et al. 2007) on shallow populations
of C. rubrum. They also represent a new step in the con-
servation of the red coral, since they allow the targeting
of particular samples that need to be protected as puta-
tive genetic pool. In fact, despite the controversy about
the role of genetic factors in species extinction (e.g.
Lande 1988), genetic diversity is one of the three levels
of biodiversity that need attention in regards to conser-
vation (McNeely et al. 1990). Genetic diversity is indeed
required for populations to evolve in response to envi-
ronmental changes (Frankham 2005). Conservation of
the putative adaptive diversity and evolutionary poten-
tial require preservation of the natural network of
genetic connections existing between populations (Cran-
dall et al. 2000). The combined action of climate changes
and harvesting could induce selective genetic changes
(Allendorf et al. 2008) and the extinction of local popu-
lations in the near future (Garrabou et al. 2009), result-
ing in the loss of genetic diversity and the isolation of
populations by disrupting the IBD pattern. Protection
and management plans for shallow red coral popula-
tions should therefore concomitantly address measures
at local and global scales.
The first step should be the development of a marine
reserve network based on the restricted dispersal abili-
ties of the species (Palumbi 2004) and focused on areas
with high density of populations or high genetic diver-
sity, such as, west of the Liguro-Provenc¸al region,
including RIO IML and CAS or Balearic Islands, includ-
ing LPP and FOR. Restoration programmes could also
be planned to help the recovery of local populations
(Baums 2008; Linares et al. 2008). Bearing in mind the
restricted dispersal ability of red coral, these restoration
programs must consider putatively strong local adapta-
tion (Lenormand 2002) to environmental parameters,
such as depth or temperature (Hughes et al. 2003; Tor-
rents et al. 2008). Resistance to increasing temperatures
could be taken into account to choose source popula-
tions for restoration projects. Finally, scenarios available
for the Mediterranean basin for the 21st century predict
a dramatic increase in the frequency of heat waves (Dif-
fenbaugh et al. 2007; IPCC 2007), which will particularly
affect shallow populations of Corallium rubrum. Consid-
ering the ongoing warming, global conservation actions
must be focused on the reduction of harvesting pres-
sure. The necessity to promote large areas of harvesting
exclusion on shallow habitats (0–60 m) must therefore
be seriously considered through international concerted
actions.
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ANNEXE 5
Fine-scale genetic structure and inferences on population bio-
logy in the threatened Mediterranean red coral, Corallium 
rubrum
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this context, recent improvements in the study of spatial genetic structure (SGS) are par-
ticularly promising because they allow accurate insights into the demographic and evo-
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of Corallium rubrum over an area of half a square meter, which sheds light on a number 
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which revealed a complex half-sib family structure and allowed us to quantify the level of 
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genetic drift. These results have important conservation implications for the red coral and 
further our understanding of the microevolutionary processes acting within populations 
of sessile marine species with a larval phase. 
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Fine-scale genetic structure and inferences on population
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Abstract
Identifying microevolutionary processes acting in populations of marine species with
larval dispersal is a challenging but crucial task because of its conservation implications.
In this context, recent improvements in the study of spatial genetic structure (SGS) are
particularly promising because they allow accurate insights into the demographic and
evolutionary processes at stake. Using an exhaustive sampling and a combination of
image processing and population genetics, we highlighted significant SGS between
colonies of Corallium rubrum over an area of half a square metre, which sheds light on a
number of aspects of its population biology. Based on this SGS, we found the mean
dispersal range within sites to be between 22.6 and 32.1 cm, suggesting that the surveyed
area approximately corresponded to a breeding unit. We then conducted a kinship
analysis, which revealed a complex half-sib family structure and allowed us to quantify
the level of self-recruitment and to characterize aspects of the mating system of this
species. Furthermore, significant temporal variations in allele frequencies were observed,
suggesting low genetic drift. These results have important conservation implications for
the red coral and further our understanding of the microevolutionary processes acting
within populations of sessile marine species with a larval phase.
Keywords: Corallium rubrum, dispersal, drift, heterozygote deficiency, kinship analysis,
microsatellites, photogrammetry, spatial genetic structure
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Introduction
The population is a central concept in biology. However,
the identification of population boundaries and, conse-
quently, inferences on their biology are not straightfor-
ward and depend on whether the adopted paradigm is
ecological (focused on demographic cohesion) or evolu-
tionary (focused on reproductive cohesion) (see Waples
& Gaggiotti 2006; Waples et al. 2008 for discussion).
Defining population boundaries is particularly problem-
atic in marine species (Tracey et al. 1975; Johnson &
Black 1982; David et al. 1997; Whitaker 2004) and even
more so in long-lived sessile species (Ayre & Hughes
2000; Underwood et al. 2007) in which heterozygote defi-
ciencies at a small geographical scale challenge the evo-
lutionary definition of populations that are usually based
on panmixia (i.e. random union of gametes) and nonov-
erlapping generations (Whitlock & McCauley 1990).
Moreover, the larval phase and reproductive features in
most of these species reduce the efficiency of traditional
demographic approaches (Fe´ral 2002). Therefore, despite
their major theoretical implications (Palumbi 2004), ques-
tions related to the spatial and temporal continuity of
populations are still debated in the marine realm, partic-
ularly from a conservation perspective (Palumbi 2003).
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In this context, recent advances in methods for
genetically based estimation of dispersal are promising
(Broquet & Petit 2009). Dispersal plays a crucial role in
the spread of populations and in their biology (Epperson
1995) because it has important consequences for repro-
ductive strategies and on demographic interactions
between individuals (Ronce 2007). Focusing on the isola-
tion-by-distance (IBD) model (Wright 1943; Male´cot
1950), Rousset (1997, 2000) demonstrates that the prod-
uct of the dispersal rate and population density (so-
called neighbourhood size (Nb) see Rousset 1997, 2004
for discussion) can be accurately inferred from genetic
data (see also Hardy & Vekemans 1999; Vekemans &
Hardy 2004), which is consistent with more recent stud-
ies showing that genetic estimations of Nb are in good
agreement with demographic ones (e.g. Broquet et al.
2006). This method has often been used in studies on ter-
restrial plant or tree species (e.g. Born et al. 2008)
because it allows a determination of the strength of spa-
tial genetic structure (SGS) and inference of the extent of
the main genetic interactions between continuously dis-
tributed organisms. These studies have shown that SGS
is significantly related to mating system, demonstrating
that selfing species are characterized by higher SGS and,
therefore, reduced dispersal compared to outcrossing
species (Vekemans & Hardy 2004). In contrast, only a
few studies of SGS have been conducted in the marine
realm, and therefore, we still have little understanding
of the scale at which SGS may occur in this environment
(Palumbi 2004). Moreover, such studies have mainly
focused on species with complex reproductive biology,
including clonality (Calderon et al. 2007; Blanquer et al.
2009) or selfing (Underwood et al. 2007; Maier et al.
2009). The occurrence of SGS in strictly outcrossing spe-
cies has not been investigated so far.
In addition to spatial spread, the temporal continuity
of populations is also an open question in the marine
realm (e.g. Calderon et al. 2009). In long-lived species
with overlapping generations, temporal fluctuations of
allele frequencies are expected because of differential
contributions of the distinct generations involved in a
given reproductive event (Dupont et al. 2007). Studying
these temporal genetic changes constitutes an important
step towards characterizing recruitment variability (Sel-
koe et al. 2006) and evaluating the level of genetic drift
(Planes & Lenfant 2002).
The red coral, C. rubrum, is a long-lived sessile octo-
corallian species with a fragmented distribution centred
mainly in the western Mediterranean Sea. It inhabits
semi-dark to dim light rocky benthic habitats such as
caves and coralligenous overhangs between 5 and 800 m
in depth (Laborel & Vacelet 1961; Zibrowius et al. 1984;
Costantini et al. 2010). It has been harvested since Antiq-
uity for its use in jewellery, and its shallow populations
(5–50 m depths) were recently affected by mass mortal-
ity events putatively linked to positive thermal anoma-
lies because of climate change (Garrabou et al. 2009).
C. rubrum is a gonochoric (Lacaze-Duthiers 1864),
brooding species with an annual reproductive cycle
(Vighi 1970, 1972), a balanced sex-ratio (Tsounis et al.
2006; Torrents 2007) and limited capability for asexual
reproduction (Garrabou et al. 2001). Sexual maturity is
reached at approximately 10 years of age (Torrents et al.
2005), but it only reaches high reproductive potential
after 20 years (Garrabou & Harmelin 2002; Santangelo
et al. 2003). It is characterized by a promiscuous mating
system (sensu Karl 2008) with internal fertilization. Sper-
matozoa released into the environment by sire colonies
fertilize oocytes retained in the polyps of the female col-
onies (Vighi 1970, 1972). After approximately 30 days of
development within the female polyps (Vighi 1970,
1972), a lecithotrophic planula larva is released. The fol-
lowing larval phase extends between 4 and 12 days in
aquaria and probably less in the field (Weinberg 1979;
Grillo & Chessa 1992). These restricted dispersal features
are reflected in the frequent aggregative distribution of
red coral colonies (Harmelin 1985), which are designated
as ‘site’ in the following text. These characteristics were
formally demonstrated using genetic approaches that
highlighted a strong pattern of differentiation between
sites separated by ten metres (Costantini 2007a,b 1; Le-
doux et al. 2010) with an IBD model of gene flow (Le-
doux et al. 2010). In these studies overall, large
deviations from panmixia leading to heterozygote defi-
ciencies were observed within the sampled sites (Abbiati
et al. 1993; Costantini et al. 2007a,b; Ledoux et al. 2010).
Costantini et al. (2007a) suggested that the combination
of null alleles, inbreeding and spatial or temporal Wahl-
und effects could be responsible for these heterozygote
deficiencies, which are observed even within areas of
one square metre. Nonetheless, an accurate characteriza-
tion of the ecological and evolutionary forces acting at
this scale is still lacking.
Therefore, the major goal of this study was to define
the extent of a population of C. rubrum. We put particu-
lar emphasis on the characterization of local dispersal
(i.e. acting within site) occurring during the gamete and
larval phases. We conducted our study on an area of
approximately half a square metre, a scale that has only
rarely been investigated previously (but see Grosberg
1991 for an example in the ascidian Botryllus schlosseri).
We used an exhaustive and individual-based sampling
scheme and 12 microsatellite loci to address four main
objectives: (i) to thoroughly define the correlation
between genetic and spatial distances at this spatial
scale; (ii) to characterize demographic parameters
linked to local dispersal; (iii) to test for the temporal
stability of the studied gene pool; and (iv) to analyse
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the kin structure of the sample and, therefore, charac-
terize some aspects of the reproductive biology of the
red coral. Our results showed the occurrence of SGS
over the small area investigated (i.e. <1 m2) for the first
time in the marine realm and allowed us to discuss a
number of features of the population biology of C. ru-
brum. These results also have important implications for
the evaluation of the capacity of the red coral to adapt
to a changing environment (Bell & Gonzalez 2009).
Materials and methods
Sampling and photogrammetric methods
We exhaustively sampled (see Ledoux et al. 2010 for
details on sampling) and mapped 81 colonies dwelling
at a depth of 15 m in an area of approximately 0.5 m2
(70 · 69 cm) in the Grotte Pe´re`s (4311¢12.96¢¢N,
523¢25.04¢¢E; Fig. 1a). This cave is characteristic of dis-
turbed and harvested shallow sites with a high density
of small colonies (Linares et al. 2010) and a mean diam-
eter and height equal to 3.7 ± 1.6 and 20.5 ± 10.6 mm
(mean ± SD here and in the following text), respectively
(Bianchimani 2005). This site was chosen mainly consid-
ering the feasibility of sampling. To map the colonies,
we used underwater high-resolution photographs
obtained using a Nikon D70 camera with housing and
two electronic strobes. Previously, 25 permanent marks
placed every 15–20 cm were fixed into the rock at the
site with epoxy putty, forming a grid on the sampling
area. Photographs (each covering about 300 cm2) were
taken with a high degree of overlap to ensure that
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Fig. 1 (a) Location of the Grotte Pe´re`s.
(b) Map of the sampled colonies of Cor-
allium rubrum in the study area. Only
the 75 genetically different individuals,
corresponding to 19 nonmature (h) and
56 mature colonies (•), are shown.
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several photographs covered different areas but showed
the same permanent marks.
They were analysed with photogrammetric methods,
which allow for a precise acquisition of spatial data
compared to classical in situ measurement methods
(Bythell et al. 2001). We first created a composite image
of the whole sampling area under the same reference
system using the position of the permanent marks. Sec-
ond, we determined the position of the 81 colonies
within the sampling area (Fig. 1b), and we measured
pairwise distances between colonies. We also measured
the maximum diameter and height for each colony to
define their reproductive status (i.e. mature vs. nonma-
ture) and stage-class membership. These procedures
were carried out with PHOTOMODELLER v.6 (Eos Systems
Inc.).
Reproductive status and stage-classes assignment
The main issue of this assignment procedure was to
define stage-classes that were probably linked by ances-
tor–descendant relationships to test kinship and tempo-
ral genetic structures. To achieve this aim, we first
defined the reproductive status of the colonies and then
estimated ages of the mature ones. A colony was con-
sidered sexually mature if its diameter or height was
greater than 3.6 or 24 mm, respectively, following Tor-
rents et al. (2005). Unfortunately, we could not obtain
measurements for 13 colonies (17%) because of their
complex shapes, their position relative to other colonies
or substrate ruggedness. In these cases, the reproduc-
tive status was, therefore, assessed visually relative to
the measured colonies. In a second step, we estimated
the age of the mature colonies that had unambiguous
diameter measurements. This ageing technique was
possible because a positive correlation exists between
diameter and age of the colonies (Marschal et al. 2004).
We used the growth rate in the diameter of mature col-
onies at the study site (0.22 ± 0.07 mm · per year) that
was previously estimated (Torrents 2007) using the age-
ing method of Marschal et al. (2004). Once2 the ages of
these mature colonies were determined, we divided
them into three stage-classes based on two criteria: 1)
age at first reproduction, defined at around 10 years
(Torrents et al. 2005) and 2) age for high reproductive
potential, reached at around 20 years (Garrabou & Har-
melin 2002; Santangelo et al. 2003). Thus, in addition to
stage-class 0 (C0), corresponding to nonmature colonies
(i.e. 0–10 years old), stage-class 1 (C1) corresponded to
recently mature colonies (i.e. 10–20 years old) and
stage-class 2 (C2) to fully mature colonies (i.e. >20 years
old). Considering the differences in size between the
three stage-classes defined here (see results), individu-
als from stage-class 1 were old enough to be considered
as potential parents for class 0; and this was also
the case for stage-class 2 compared to stage-classes 0
and 1.
Microsatellite genotyping
DNA extractions were carried out following Ledoux
et al. (2010). We used 12 microsatellite loci. Ten of them
were amplified and analysed following Ledoux et al.
(2010). The two remaining loci, COR48 and COR58 (Co-
stantini & Abbiati 2006), were amplified following Co-
stantini et al. (2007a) with an additional last extension
step of 72 C for 20 min and were multiplexed before
electrophoresis.
Identification of multi-sampled individuals
Because some colonies were closely related in space,
inducing putative multiple sampling of the same indi-
vidual, we first used GIMLET v.1.3.3 (Valie`re 2002) to
define the number of different individuals or multilocus
genotypes in our sample. We computed the unbiased
probability of identity (PID Kendall & Stewart 1977) that
two individuals in the sample share the same multilo-
cus genotype by chance and not by descent. Thus, the
following analyses were conducted considering a final
data set of 75 different multilocus genotypes.
Locus characteristics and Hardy–Weinberg equilibrium
Frequencies of null alleles (r) were estimated for each
locus by the expectation maximization algorithm
(Dempster et al. 1977) implemented in FREENA (Cha-
puis & Estoup 2007). The total number of alleles (Na),
observed (Ho) and unbiased expected heterozygosity
(He Nei 1973) were calculated for each locus using FSTAT
v.2.9.3 (Goudet 2001).
We tested the null hypothesis of linkage equilibrium
for each pair of loci in the sample with an exact test.
Departure from panmixia was tested for each locus and
for the whole sample using the score test for heterozy-
gote deficiency. Significance was addressed in the two
cases using a Markov chain (MC) algorithm (Guo &
Thompson 1992; Raymond & Rousset 1995) with default
parameters. The f estimator of FIS (Weir & Cockerham
1984) was computed for each locus separately and for
all loci. Computations were made using GENEPOP 4.0
(Rousset 2008).
Genetic homogeneity of the sample
We tested for the occurrence of major temporal or spa-
tial genetic discontinuities in the sample using the
Bayesian clustering method implemented in STRUC-
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TURE (Pritchard et al. 2000), and we looked for puta-
tive first-generation migrants using a Bayesian assign-
ment method (Rannala & Mountain 1997) implemented
in GENECLASS2 (Piry et al. 2004).
We further looked for temporal structure by testing
genotypic differentiation between the three stage-classes
(C0, C1, C2) using an exact test in GENEPOP. Signifi-
cance was addressed using an MC algorithm with
default parameters. We then performed analyses of
molecular variance (AMOVA; Excoffier et al. 1992) using
GENALEX v.6.3 (Peakall & Smouse 2006) and including
three hierarchical levels: within colonies (i.e. within
individuals), among colonies within stage-classes (i.e.
among individuals within groups) and among stage-
classes (i.e. among groups). Significance was addressed
using 9999 permutations of the original data.
Spatial genetic structure and demographic parameters
Spatial autocorrelation. The genetic distances between
individuals were estimated using Rousset’s genetic dis-
tance eˆ (Watts et al. 2007) with GENEPOP and regressed
on the natural logarithm of the distance between colonies
(ln(d)). The 95% confidence interval (CI) of the regression
slope (bL(d)) was obtained using a nonparametric boot-
strap procedure (DiCiccio & Efron 1996; Leblois et al.
2003), and its significance was tested using a Mantel test
with 5000 permutations.
Following Castric & Bernatchez (2001), we high-
lighted the rise of the SGS by progressively including
pairs of individuals separated by increasing distances,
arbitrarily choosing a step size of 4 cm. We therefore
performed 21 regression analyses for increasing dis-
tance classes ranging from 0 to 84 cm (i.e. the maximum
distance value between individuals). We tested the sig-
nificance of the slope for each regression using a per-
mutation procedure equivalent to a Mantel test (Hardy
& Vekemans 2002)3 . For each regression, individual loca-
tions were, therefore, permuted (N = 5000) using the re-
sampling procedure implemented in POPTOOLS v.3.1.0
(Hoods 20004 ; http://www.cse.csiro.au/poptools/).
Demographic parameters: ‘neighbourhood size’ and gene
dispersal estimates. In a two-dimensional model of IBD,
Nb can be approximated as Nb ¼ 4pDer
2
g, where De is
the effective density, and r2g is the mean square parent–
offspring distance. It is also directly linked to the slope
of regression between eˆ and ln(d) because Nb = 1 ⁄ bL(d)
(Watts et al. 2007). Despite the fact that our sampling
scheme was not ideal in regard to theoretical assump-
tions (i.e. sampling over a 10 · 10rg area see Rousset
2000; Hardy & Vekemans 2004)5 , Leblois & Rousset
(2003)6; 7 and Leblois et al. (2004) showed that rg is robust
to departures from most of the model assumptions,
such as the sampling scale or homogenous and constant
effective density. Therefore, the regression based on the
whole data set was used to compute a moment estimate
of rg. De was approximated based on the relationship
De = D · Ne ⁄N (Hardy & Vekemans 2004), where D is
the census density of mature individuals, and Ne and N
are the effective and the census population sizes,
respectively. We sampled 75 different colonies on an
area of 0.48 m2 and, therefore, approximated the total
density of the site at 160 colonies · m2. Seventy-five per
cent of these colonies were considered as sexually
mature (see Results), with a resulting density of around
120 mature colonies · m2. Because Ne ⁄N is unknown
for Corallium rubrum, we adopted two different values
considering that all or only 50% of the mature colonies
were involved in the reproductive effort (i.e.
De = D = 120 colonies · m
2 or De = 0.5 · D = 60 colo-
nies · m2). Despite the fact that these values were prob-
ably overestimates at the species level, we considered
that they were relevant at the studied scale.
Kinship structure
We analysed the relationships between individuals and
characterized some parameters of the mating system
using the maximum likelihood approach implemented
in COLONY v.2.0 (Wang 2004; Wang & Santure 2009),
which assigned parentage and sibship from individual
multilocus genotypes. Four categories of relationships
were considered: unrelated, half-sibling, full-sibling and
parent–offspring. The method uses a group-likelihood
ratio to partition individuals into full- and half-sibling
families accounting for genotyping errors. Because age
estimates based on diameter size were not available for
all colonies, the analysis focused on the colonies belong-
ing to stage-class 0 and stage-class 1 during two differ-
ent rounds of analyses. For the 19 colonies belonging to
stage-class 0, we considered the remaining 56 mature
colonies (i.e. C1+ C2+ unassigned but mature colonies)
as candidate male and female parents, whereas for the
19 stage-class 1 colonies, the 37 remaining mature colo-
nies (i.e. C2+ unassigned but mature colonies) were
considered as candidate male and female parents. The
locus-specific null allele rates computed with FREENA
were used as the allelic dropout rate (Jones et al. 2010),
and only the eight loci with null alleles frequencies <0.3
were retained (Wang 2004). The rate of other kinds of
errors, such as miscalling or false alleles, was evaluated
on a larger data set based on extraction and genotyping
replicates of 100 individuals (Ledoux et al. 2010). We
assumed polygamous mating systems for both males
and females and used the full-likelihood method. The
analysis was run five times with five different random
seed numbers to check the robustness of our results. To
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ensure that convergence was obtained, only relation-
ships with a probability higher than 0.9 over the five
runs were considered.
We then compared the geographical distance for each
category of relationship (parent–offspring, half-sib and
unrelated) using a nonparametric Kruskal–Wallis test.
Significance levels were corrected using a false dis-
covery rate (FDR) correction for multiple tests (Benja-
mini & Hochberg 1995) when necessary.
Results
Identification of multi-sampled individuals
Three multilocus genotypes were shared between eight
colonies that were closely related in space. The proba-
bility of identity was 9.45 · 10)16. Shared genotypes
were considered as belonging to the same individual
and included only once, resulting in a final data set of
75 different multilocus genotypes.
Reproductive status and stage-class assignment
Of the 75 colonies, 19 (25%) were considered nonmature
based on photogrammetric measures or visual assess-
ments. Within the remaining 56 mature colonies, 30
diameter measures were considered accurate enough to
assign the corresponding colony to a stage-class. Con-
cerning the age estimation of these 30 colonies, 19 were
assigned to C1 (mean diameter size = 3.6 ± 0.8 mm) and
11 to C2 (mean diameter size = 6.9 ± 2.1 mm).
Locus characteristics and Hardy–Weinberg equilibrium
Null allele frequencies ranged from 0 for Mic26 and
Mic24 to 0.53 for COR58, with a mean value equal to
0.22. The occurrence of null alleles can bias our results
because they generally induce an overestimation of
genetic distance (Chapuis & Estoup 2007), and they can
affect kin assignment (Dakin & Avise 2004). However,
the following results were mostly consistent with those
obtained when we used the INA data set corrected for
null alleles (Chapuis & Estoup 2007) or when only the
six loci with lowest level of null alleles (i.e. r < 0.15 see
Table 1) were considered (not shown).
All loci were polymorphic with a total number of
alleles ranging from 3, for Mic13, to 28, for Mic27,
with a mean value of 13 alleles per locus. The
observed and unbiased expected heterozygosity varied
respectively between 0.09, for Mic13, and 0.89, for
Mic26 (mean value over loci = 0.50 ± 0.28) and
between 0.47, for Mic13, and 0.93, for Mic27 (mean
value over loci = 0.77 ± 0.15). One pair of loci (Mic20–
Mic22) was in linkage disequilibrium after FDR
correction. Locus values of the FIS estimator varied
between )0.09, for Mic20, to 0.80, for Mic13. Deviation
from panmixia was observed for nine out of the
twelve loci (Table 1) after FDR correction. The mul-
tilocus value of the FIS estimator was equal to 0.35,
and the deviation from panmixia was significant
(P < 0.001).
Genetic homogeneity of the sample
We assumed that there was no major genetic disconti-
nuity in our sample because only one cluster was
detected by STRUCTURE, and only one individual
(PER9) was detected as a putative first-generation
migrant (not shown). The following results did not
change when PER9 was removed.
Pairwise genotypic differentiation tests between the
three stage-classes were marginally (C0 vs. C2: P = 0.06)
or highly significant (C0 vs. C1 and C1 vs. C2: P < 0.05)
with low FST values (mean value = 0.012; Table 2a),
putatively explaining why these genetic discontinuities
were not detected with STRUCTURE. The AMOVA analy-
sis showed that only 1% of variation was found
between these stage-classes, whereas 39.8% and 59.2%
were found within colonies and among colonies within
stage-classes, respectively. All values were significant
(P < 0.05; Table 2b).
Spatial genetic structure and demographic parameters
The slope of the regression between genetic and
geographical distances was equal to 0.013 (95% CI:
Table 1 Locus characteristics: Na, number of alleles per locus;
r, null allele frequency; Ho, observed heterozygosity; He, gene
diversity (Nei 1967) 10; f, Weir & Cockerham (1984) estimator of
FIS (*, significant deviation from panmixia after false discovery
rate correction at 0.05; ***, significant deviation from panmixia
at 0.01)
Na r Ho He f
Mic13 3 0.27 0.09 0.47 0.80*
Mic20 7 0.02 0.57 0.52 )0.09
Mic23 10 0.49 0.21 0.69 0.70*
Mic24 13 0 0.69 0.71 0.03
Mic22 5 0.36 0.33 0.75 0.56*
Cor46bis 12 0.08 0.71 0.8 0.10*
Mic25 10 0.5 0.26 0.81 0.68*
Cor48 14 0.11 0.66 0.86 0.23*
Cor58 12 0.53 0.20 0.86 0.77*
Cor9bis 21 0.23 0.47 0.89 0.47*
Mic26 21 0 0.89 0.91 0.02
Mic27 28 0.02 0.88 0.93 0.05*
Mean value 13 0.22 0.5 0.77 0.35***
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0.005–0.037) and significant (P < 0.05), showing the
occurrence of IBD at the very small scale considered
(Fig. 2; Table 3). Our restricted regression analysis
demonstrated that this IBD arose from the distance of
24 cm. The slope values for the distance classes beyond
the fifth one (0–20 cm) were significantly different from
0 after FDR correction.
Based on the whole data set, the ‘neighbourhood size’
was estimated at 75 individuals (95% CI: 27–200 indi-
viduals), resulting in a rg of 22.6 cm (95% CI: 13.5–
36.8 cm) and 32.1 cm (95% CI: 19.2–52.4 cm) for De = D
or De = 0.5*D, respectively (Table 3).
Kinship structure
Over the 171 dyads considered in each stage-class anal-
ysed, bearing in mind that we only retained relation-
ships with a probability >0.9 over the five runs, we
obtained 18 half-sib dyads (10.5%) for C0 and 16 half-
sibs (9.4%) for C1. No full-sib relationship was
observed. The resulting pedigrees showed that 15 and
16 colonies were kin-related, corresponding respectively
to 78.9% of the 19 colonies sampled for C0 and 84.2%
of the 19 colonies sampled for C1. Moreover, five par-
ent–offspring dyads involving three different candidate
parents were inferred for C0, and four parent–offspring
dyads involving three candidate parents were inferred
for C1. These results demonstrated the occurrence of a
half-sib family structure. Accordingly, each putative
Table 2 Temporal genetic structure: (a) Pairwise genotypic
differentiation between the three stage-classes: FST and P val-
ues are shown below and above the diagonal line [*, significant
at 0.05 after false discovery rate (FDR) correction]; (b) Results
of the AMOVA partitioning genetic variance among the three
stage-classes, among colonies within stage-classes and within
colonies of Corallium rubrum (d.f., degree of freedom; %, per-
centage of variance; P, P value; *significant at 0.05 after FDR
correction)
(a)
C0 C1 C2
C0 0.004* 0.06
C1 0.018 0.004*
C2 0.001 0.018
(b)
Source d.f. % P
Among stage-classes 2 1 0.017*
Among colonies within stage-classes 46 39.8 0.001*
Within colonies 49 59.2 0.001*
y = 0.013x – 0.041 R  = 0.0037
p < 0.01
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Fig. 2 Linear regression between the geographical (ln(d)) and
the genetic (eˆ) distances between pairs of colonies of Corallium
rubrum.
Table 3 Summary statistics for the linear regression analysis
between geographical (ln(d)) and genetic (eˆ) distances between
pairs of colonies of Corallium rubrum and related demographic
parameters with their 95% confidence interval (*, P < 0.05)
Computed
value
95% CI
interval
Slope 0.013* 0.005–0.037
Intercept 0.041
Nb (individuals) 75 27–200
rg (cm) for De = 120 colonies ⁄m
2 22.6 13.5–36.8
rg (cm) for De = 60 colonies ⁄m
2 32.1 19.2–52.4
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Fig. 3 Mean values (h) of distances separated pairs of parent–
offspring (1), half-sib (2) or unrelated (3) colonies. Boxes and
bars respectively represent standard error and standard devia-
tion.
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mother or father was assumed to have been involved in
multiple mating events, producing 2.3 ± 0.8 offspring
on average.
Geographical distances of the three relationship cate-
gories were significantly different (Kruskal–Wallis test:
H = 10.65; d.f. = 2; P < 0.05), showing an increase in
distance from parent–offspring (18.0 ± 17.9 cm) to half-
sib (27.8 ± 16.4 cm) to unrelated (33.3 ± 16.2 cm) dyads
(Fig. 3).
Discussion
The present study is the first to demonstrate the occur-
rence of significant spatial and temporal genetic struc-
ture between individuals over half a square metre in
Corallium rubrum. At this fine scale, assuming that the
markers used are neutral, the observed SGS probably
results from ‘the formation of local pedigree structure
as a result of limited gene dispersal and local random
genetic drift, that is the ‘‘isolation-by-distance’’ process’
(Wright 1943).
Spatial genetic structure and gene dispersal
We demonstrated that proximate colonies are more
genetically alike than colonies further apart using two
methods (regression-based and kin structure analyses).
IBD within a site of sessile marine organisms has
already been reported in a number of species (Crambe
crambe Calderon et al. 2007; Seriatopora hystrix Under-
wood et al. 2007; Scopalina lophyropoda Blanquer et al.
2009). However, our results are original in this respect
because they revealed the occurrence of IBD at a very
fine scale in a gonochoric and strictly outcrossing spe-
cies. Accordingly, this reinforces the view that restricted
dispersal of larvae is more common than was previ-
ously thought based, for example, on the ‘collection of
larvae of coastal species far out at sea’ (Cowen & Spo-
naugle 2009).
A small ‘neighbourhood size’ of 75 individuals char-
acterized this pattern of IBD. Based on this result, we
analysed the local dispersal of the red coral. The two
considered values of De led to comparable estimates of
the mean axial parent–offspring distance (rg), ranging
between 22.6 and 32.1 cm. While there is no available
direct estimate of the larval dispersal distance for the
red coral, experiments in aquaria have suggested a low
swimming capability and geonegative behaviour that
tend to confine larva in the vicinity of parental colonies
(Weinberg 1979; Torrents pers. comm.). These dispersal
estimates are also concordant with previous genetic
studies that have suggested that most of the dispersal
of the red coral take place at less than ten metres (Co-
stantini et al. 2007a; Ledoux et al. 2010). Such low val-
ues have already been reported in other marine
invertebrates using direct or indirect approaches (e.g.
Balanophillya elegans r < 50 cm (Gerrodette 1981); Botryl-
lus schlosseri rg = 17–24 cm (Grosberg 1991); C. crambe
rg = 24–25 cm (Calderon et al. 2007)) (see Shanks et al.
2003 and Kinlan & Gaines 2003 for reviews). However,
to our knowledge, this is the first time that such low
dispersal abilities have been inferred using a genetic
approach in a strictly outcrossing species. Interestingly,
two complementary results strengthened the validity of
this estimate. First, the mean geographical distance
computed for the nine parent–offspring dyads identi-
fied was 18.0 ± 17.9 cm. Second, the IBD pattern
became significant at 24 cm, as shown by the restricted
regression analyses. Because this dispersal parameter
encompasses dispersal of both the gamete and larval
phases, we contend that breeding units of C. rubrum in
the Grotte Pe´re`s are highly restricted in space and
approximately correspond to the sampled surface.
Although a given value of r2 can correspond to differ-
ent dispersal distributions (Leblois et al. 2003), these
results imply that red coral sites are likely to be mainly
closed (Cowen & Sponaugle 2009) and that local pro-
cesses probably play a central role in their biology.
Local pedigree, mating system and recruitment
The occurrence of a unique breeding unit within our
sample is in accord with the genetic homogeneity con-
firmed by the clustering and first-generation migrant
analyses, which respectively did not find major genetic
discontinuity within the sample and identified only one
putative migrant. As expected in the case of SGS, our
results revealed the occurrence of a local pedigree. This
breeding unit is composed of half-sib families, probably
explaining the slight linkage disequilibrium observed in
this sample (e.g. Hedgecock et al. 2007) and those
observed for different pairs of loci at different sites (Le-
doux et al. 2010). In addition to the nine parent–off-
spring dyads identified over the stage-classes 0 and 1,
81.5% of the colonies were linked by half-sib relation-
ships. Moreover, these two stage-classes were linked by
second-degree relationships (i.e. 25% of alleles identical
by descent, Blouin 2003), highlighting the complex level
of relationships occurring in our sample (not shown).
To our knowledge, this is the first time that such a high
level of family structure has been characterized in a ses-
sile marine species.
The half-sib family structure revealed by our analyses
demonstrated the occurrence of multiple mating with
each parental colony being involved in 2.3 ± 0.8 mat-
ings. In gorgonians, multiple mating combined with
accumulation effects (i.e. long time-averaged exposure
of egg to sperm) could enhance fertilization success (see
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Lasker 2006; Lasker et al. 2008 in Pseudopterogorgia elis-
abethae). The absence of mass spawning, the asynchro-
nous fertilization and the release of larva over a 6-week
period (Torrents 2007) could be consistent with an accu-
mulation effect in C. rubrum. Combined with the multi-
ple mating demonstrated by our study, these life
history traits could, thus, enhance fertilization success.
Additional experiments, such as parentage analyses
using aged and sexed individuals, are required to fur-
ther test this hypothesis.
The observed kin structure also suggested the occur-
rence of biparental inbreeding (i.e. mating between
genetically close relatives) in the study sample. Follow-
ing Vekemans & Hardy (2004), comparison between
the average Nason’s estimators of kinship (Loiselle
et al. 1995) between truly outcrossed mates
(Fx = 0.01 ± 0.01) and the Wright inbreeding coefficient
(FIS = 0.35 ± 0.09) demonstrated that the level of bipa-
rental inbreeding is small within the studied ‘neigh-
bourhood’. Thus, most matings probably occur
between nonsib colonies. This is consistent with the
interpretation of a ‘neighbourhood area’ as an area
within which biparental inbreeding remains low (Fen-
ster et al. 2003) and does not necessarily prevent its
occurrence at a larger scale (Costantini et al. 2007a) as
shown in Fenster et al. (2003).
Subtle genetic structure was observed between the
analysed stages-classes (mean FST = 0.012), suggesting
that allele frequencies fluctuated over a short period of
time, as expected in long-lived species with overlapping
generations (Ryman 1997) such as the red coral. Never-
theless, the AMOVA suggested that the influence of this
structure on the total genetic variation is low. Hedge-
cock et al. (2007) proposed that such ‘chaotic temporal
genetic structure’ results from a sweepstake effect (i.e. a
random reduction of the effective population size),
which promotes local genetic drift over short periods of
time (Hedrick 2005). This is consistent with the recruit-
ment by pulse combined with the high postrecruitment
mortality observed in C. rubrum (Garrabou & Harmelin
2002). A sweepstake effect can, indeed, be explained by
differential reproductive success between adults or by
stochastic mortality during larval or postrecruitment
phases (Hedgecock 2010). Analyses of well-defined
cohorts covering several generations are needed to dis-
entangle these factors and to allow accurate estimation
of effective population size variation.
Considering the low level of biparental inbreeding
and the low temporal Wahlund effect because of the
temporal genetic structure, the high FIS value observed
in the sample can be explained mainly by the presence
of null alleles. At larger sampling scales, in addition to
previous hypotheses (Costantini et al. 2007a), we pro-
pose that a ‘family’ Wahlund effect (Pudovkin et al.
1996) resulting from the presence of a limited number
of families at each site also contributes to the heterozy-
gote deficiencies reported for this species (Abbiati et al.
1993; Costantini et al. 2007a,b; Ledoux et al. 2010).
Implications for conservation and future directions
Our results have important implications for the conser-
vation of the red coral. The occurrence of nine parent–
offspring dyads shows that self-recruitment appears to
be crucial in the functioning of red coral populations.
Moreover, considering r2g as a measure of the speed at
which two lineages that derived from a common ances-
tor move away from each other generation after genera-
tion (Rousset 2004), we are now able to quantify the
low power of recolonization of this species. These
results complement the conservation advice proposed
by Ledoux et al. (2010), and we further argue that con-
servation actions targeting the preservation of several
small patches of colonies would improve site viability.
In addition, restoration of disturbed sites should also be
focused on the restoration of dense patches of colonies
through transplantation to allow for local recoloniza-
tion.
This study represents a first step towards a better
understanding of the demographic and evolutionary
processes acting within red coral sites and opens sev-
eral perspectives for future studies. First, because local
processes depend mostly on local density and local
gene dispersal (Fenster et al. 2003), the self-recruit-
ment and restricted dispersal highlighted in this study
are likely to be supplemented by some long-distance
dispersal as illustrated by the first-generation migrant
(PER9) identified in our sample. The interaction of
this long-distance dispersal with local processes high-
lighted in this study thus remains to be studied. Our
study was conducted by pooling all sampled colonies.
Therefore, further analyses of the evolution of SGS
across age-classes will also help to refine our conclu-
sions (e.g. Kalisz et al. 2001). Moreover, this study
was focused on a single sample coming from a dis-
turbed and harvested shallow cave so our results
should be generalized with caution. Demographic
characteristics of red coral sites, such as density and
size structure, which respectively affect r2g (Rousset
2000) and the differential reproductive success of colo-
nies (Hall & Hughes 1996), are thus spatially hetero-
geneous (Linares et al. 2010). Accordingly, the
strength of local dispersal and genetic drift may be
heterogeneous and should be evaluated at sites with
different characteristics. Finally, because our study
was focused on neutral variation, the impact of local
environmental conditions on these closed systems
remains to be studied.
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Conclusion
Although they represent data that are essential for man-
agement policies, basic features of the population biol-
ogy of marine invertebrates with sedentary adult and
planktonic larval phases, such as the definition and
spread of breeding units, are still poorly understood
(Palumbi 2004 but see Ayre & Miller 2006; Underwood
et al. 2007). Thus, using an adapted sampling strategy
and a combination of approaches including photogram-
metry and population genetics, we showed that sites
colonized by Corallium rubrum are probably composed
of small breeding units composed of kin-related colo-
nies that are spatially and temporally structured
because of restricted dispersal and low genetic drift.
Therefore, our results provide new insights into the
short-range differentiation and heterozygote deficiencies
previously observed in this species (Abbiati et al. 1993;
Costantini et al. 2007a,b; Ledoux et al. 2010). These
results also contribute to a broader understanding of
the microevolutionary processes impacting sessile mar-
ine invertebrates, which are often key species in biodi-
versity-rich, but threatened, communities.
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ANNEXE 6
Phylogeography of the red coral (Corallium rubrum), a 
temperate gorgonian: inferences on evolutionary history and 

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Phylogéographie de Corallium rubrum
Abstract
The red coral Corallium rubrum (Cnidaria, Octocorallia) is an exploited, long-lived sessile species from 
the Mediterranean Sea and the adjacent coastline in the Atlantic Ocean. Surveys of genetic variation using 
microsatellites have shown that populations of C. rubrum are characterized by strong differentiation at 
the local scale

investigate the genetic structure of C. rubrum across its geographical range in the Mediterranean Sea, 




the isolation by distance pattern previously observed for this species at the Western Mediterranean 





limited impact on the genetic diversity of C. rubrum.
Annexe 6

Introduction
The phylogeographic approach yields insights into the evolutionary history of a species by 

Phylogeography also helps towards the management of threatened species by providing information on 

change where species dynamics will be linked to their dispersal or recolonisation abilities and to the 
possibility of in situ evolution. Nevertheless in most marine species, only scarce genetic data are available 

such as the emblematic red coral, Corallium rubrum, in the Mediterranean.
C. rubrum is a sessile cnidarian inhabiting caves, vertical cliffs and overhangs at depths ranging 
 
occurs in the Western Mediterranean, in some parts of the Eastern Mediterranean and on the neighbouring 

jewellery. C. rubrum has also been affected by mortality events potentially linked with positive thermal 
 
of populations (Santangelo et al.
C. rubrum



hypothesis), or originated from ancient populations whose habitat gradually expanded upwards, might be 





the Mediterranean Sea (Duran Analysing past demographic changes and 
population connectivity may also provide valuable insights into the potential evolution of populations in a 

Previous genetic studies of C. rubrum have been performed with allozymes (Abbiatti et al. 


populations, even at short distances (starting around 10 m) and therefore low effective dispersal. No 

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major genetic break was observed among the most distant populations and a regional pattern of isolation 


subject and some sequence data were still lacking in order to evaluate divergence time and to test past 

compared to management units as they allow to identify the major historical lineage inside one species 


ó

C. rubrum
 
of this new marker and use it for the study of the phylogeography of C. rubrum.
The sampling design of the present study includes samples of C. rubrum from the southern 
Western Mediterranean and the northern Adriatic regions, which have not been analysed in previous 
studies. Our aim was to investigate the phylogeography of the red coral across a much larger part of 
its geographical range in order to identify its main genetic subdivision over this area. We extended the 

intron in order to assess the divergence between populations and to look for potential signals of past 
bottlenecks.
Materials and methods
Samples







corresponding geographical regions. The number of obtained intron sequences is twice the number of 
individuals indicated in Table 1.

Annexe 6



region in order to avoid any over-representation of some regions (Marseille for example) in the dataset 
and because the intra-regional genetic structure was not the aim of this paper.
Molecular analyses of introns:
Total DNA extraction
®) kit, following 

extractions were realised from 5 to 15 polyps per colony or, when not possible, using tissue scraped from 

EF1 sequencing







-1, and 5µL DNA for a 50µL 


® company for 
sequencing.

whether this was due to heterozygous individuals by cloning the PCR product for ten individuals (Table 
.
Microsatellites:






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EF1 sequence data


the two corresponding haplotypes. Apart from the cloned PCR products (numbers of clones indicated in 
Table 1), the haplotype sequences of the other heterozygous individuals were determined by using the 

The homozygous individuals and those heterozygous for which the corresponding haplotypes had been 


mutation. Other parameters were set as defaults. Phase also allowed estimation of the recombination 

heterozygous for insertion-deletion (indels), and they were not used for further analyses, except when 
cloning was performed (Table 1).
Network reconstruction



Sequence polymorphism analyses on EF1

based on observed sequence ambiguities and cloning of PCR products. All other analyses were performed 
on the alignment combining the sequences reconstructed with Phase and those obtained by direct 
sequencing and cloning. Considering the low sample sizes for some sites, statistics used for the analysis 
of genetic diversity and neutrality tests were also computed at the regional level according to the groups 

our results).



more powerful selective neutrality tests when there is no recombination (Ramírez-Soriano 
 

the consequences of selective effects (selective sweep) from demographic events such as population 
growth (Ramírez-Soriano 
simulations implemented in DNAsp 5.0 which assume a constant population size. The simulated 
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populations were based on the observed theta per gene value with no recombination (according to Phase 

were used for each analysis. As the power of neutrality tests may be greatly reduced for low sample sizes 

global (all samples) levels. The interpretation of the results took into account the different properties of 

Population structure

(Pritchard 
 

run, 10 000 burn-
in iterations were followed by 100 000 iterations. The estimation of the number K of genetic groups was 
realised by considering the evolution of K according to Delta(K) (Evanno 
values of K that capture most of the structure in the data (Pritchard 
Genetic relationships among populations were studied with a Principal Coordinate Analyses (PCA) 

ST
values.
 et al. 
ST
ST statistics with proportion of differences between 
 ST. Both 
STST were tested with 1000 permutations.
 






ST like) 
ST
ST like) and by taking into account the sum of squared 

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differences of alleles sizes (RST like). Results were tested with 1000 permutations.
STST) with the logarithm 


 
performed.


Results
EF1 intron sequences:
Sequence variability:


PCR products for two individuals with unreadable direct sequence made it possible to recover the 
two corresponding sequences and to reveal an indel in heterozygous state. The alignment of genomic 


Observed heterozygosity inferred from the direct sequencing of PCR products varied from 0 (e.g. sample 


with high  probability values for the considered sites: 1 for most of them and at least 0.80 for the other 
haplotypes. Only three different sites in three different individuals had lower probabilities: two at 0.50 
and one at 0.56. The Phase analysis also indicated low recombination rate when considering all sequences 




haplotypes corresponded to one to four occurrences.




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


Network reconstruction:



Several loops were present in the network, indicating possible alternative relationships among haplotypes. 


Africa. Nevertheless the network showed heterogeneous distribution of the haplotypes.
Selective neutrality tests:





concordant with this observation. At the regional scale, the signal varied from one region to another and 




Population differentiation and AMOVA:
Genetic differentiation between populations:
STST) of pairwise population differentiation and results of permutation tests 
ST values varied between -0.75 and 1, 
ST
for the comparisons involving the most distant populations such as for example North Africa or the 

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Clustering analysis
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followed geographical distribution. Adriatic and African individuals appeared well differentiated from 
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clusters, but with possibly two more or less mixed clusters for Marseille (with a separation of CAR). 
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African, CAR and some Catalonian individuals, numerous individuals did not present strong membership 

Principal Coordinate Analysis:
The Principal Coordinate Analyses (PCA) of genetic relationships between populations based on 
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
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

AMOVA:
ST-


ST
ST
corresponded to differences between regions and 18% to differences between populations within 
ST like analysis, these percentages were 5 and 8% respectively. Apart from 
the comparison between regions with RST
differentiation at all levels of analyses.
Isolation by distance:
STST) with logarithm of geographical 


Discussion
EF1 as a population genetic marker: characteristics and variability


sequences cannot be determined for heterozygous individuals without cloning of PCR products (see for 
 

to the moderate observed level of variability and the low frequency of indels. The nucleotide diversity 
observed for C. rubrum (0.006) was similar to values observed in other marine organisms: the deep-
water coral Oculina sp. (Eytan Bathymodiolus thermophilus and B. 
azoricus 
Mytilus edulis 

population genetics of C. rubrum: its moderate length (allowing one-step sequencing) and the absence of 
 
the prawn Penaeus vannamei. Our data did not support this hypothesis in C. rubrum, nor is it supported in 

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other invertebrate species (Eytan  
Patterns of genetic differentiation and structure


microsatellite data which showed genetic differentiation between C. rubrum populations for almost all 
comparisons and between regions. This result had already been observed with microsatellites (Costantini

comparisons with Adriatic and North Africa samples as indicated by the results of STRUCTURE, PCA 
ST analyses. The percentage of genetic variation between regions observed here was around 15% 
ST
microsatellites was higher than for previous studies which did not include such distant populations: 

with 5 and 10 microsatellite loci respectively (two and seven of which were scored in the present study 

consequence of (i) a possible microsatellite allele size homoplasy where microsatellites do not completely 
 ST estimates 


indicating that this differentiation is not associated with high sequence divergence (see below).


 
may partly explain some relatively low assignment values observed here (Pritchard 
distant geographical location of African and Adriatic populations and a lack of intermediate samples may 

indication of a gradient between Adriatic and North Africa.

Our results are in agreement with the low dispersal abilities estimated for C. rubrum (Costantini et al. 

assignment when considering their geographical origin: this might indicate that there is not enough 
discriminating information in the dataset, but this has also been observed, less frequently, with ten 

Annexe 6


migration at higher distances might be compatible with genetic differentiation if the level of genetic drift 

effective size as is assumed for C. rubrum


connectivity for C. rubrum and could have important consequences for recolonisation ability.
A low mean dispersal distance agrees well with the genetic differences observed along geographical 


separated by gaps in suitable habitats (such as Marseille and Catalonia) or from different hydrographic 
regions. The differentiation of Adriatic populations has already been observed for C. rubrum (Costantini
 
for C. rubrum





recent recolonisation of the northern part of the Adriatic Sea following its emersion during glacial events 
(Ruggiero 
also remains to be tested.
C. rubrum populations from the northern and the 
southern parts of the Western Mediterranean. Nevertheless, as in the case of the Adriatic Sea, there was 

samples. A North-South differenciation within the Western Mediterranean has rarely been documented: 

the rare cases where the sampling design was suitable the studied species possessed high dispersal ability 
and no genetic differentiation was observed (Bahri-Sfar et al.
nevertheless been suspected in Sparus aurata (Chaoui 

The Atlantic  Mediterranean differentiation remains to be studied for C. rubrum



Phylogéographie de Corallium rubrum
Patarnello C. rubrum
(TEN and TNS) located on  either side of this front, did not show any particular genetic break: no 
sequence divergence was observed and these samples were grouped by the clustering analysis (but 

the Mediterranean, or a lack of such a phylogeographic break for this species. The analysis of Atlantic 
samples is necessary to test this hypothesis.


of nucleotide diversity do not seem to support the hypothesis of low mutation rate. This low divergence 
implies that the main genetic groups evidenced here should be considered as some management units as 

Nevertheless the adaptive component of differentiation remains to be studied.
Genetic signals of expansion or selection?
 

are compatible with population expansion or selective sweep but this was not observed at regional or 


signal at global scale could be a false positive signal of expansion induced by grouping scattered samples 
 

to C. rubrum, this would agree with the hypothesis of a lack of expansion signal. Selection may also 
produce a misleading expansion signal. This selective hypothesis would require a hitch-hiking effect on a 
Mytilus spp. species 
utative signs 
of population expansion which were observed for some C. rubrum samples with ten microsatellites by 




not seem strong enough to be detected in the different regions and populations with sequence data.
Evolutionary history of C. rubrum
Our results on genetic differentiation and selective neutrality tests can help for analysis of the 
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evolutionary history of C. rubrum


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source populations corresponding to distant refugia and various impacts on genetic diversity including 
 
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
have induced such a long-term divergence scenario at least between basins. Alternatively, C. rubrum may 
have persisted in most non-emerged areas with a gradual displacement of populations matching sea level 
variations. This scenario would have less marked consequences for genetic structure. Our genetic data, 

agree with that of gradual population displacement. Other observations support the hypothesis of gradual 
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tests did not evidence signals of bottleneck followed by expansion at regional or population scale which 
could happen after migration from distant refugia.
Therefore persistence of C. rubrum

 
had histories consistent with long-term stability in population size. This pattern indicates a regional 
persistence during the LGM and is coherent with the ecological characteristics of the considered species. 

 
may have been compatible with the presence of C. rubrum in most parts of Western Mediterranean Sea 
Corallium, but 
they suggest that populations of C. rubrum were present without interruption in the Mediterranean basin 

analysing additional nuclear markers. More generally, taking into account the inherent variance in genetic 
and demographic processes, such multimarker analyses are necessary, especially considering the advances 
in sequencing technology. The extension of such studies to other Mediterranean species should help 

analyse the potential evolution of these organisms in a context of global change.
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
Phylogéographie de Corallium rubrum









populations of Posidonia oceanica



structure in the Mediterranean seagrass Posidonia oceanica: disentangling past vicariance events from 




















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
Eunicella singularis and 
Corallium rubrum

mating. 
Corallium rubrum dans 
lAtlantique (Cnidaria : Anthozoa : Gorgonaria). 

Phylogéographie de Corallium rubrum
Table 1: Characteristics of the sampling sites of Corallium rubrum: location, hydrographic region, 




Regions,
    Sampling site
 Code Depth (m) 
(individuals)
 
clones
 Sample size 
microsatellites
(individuals)
AdriaticSea,
    Sazan, Albania Adriatic Sea ALB 58 14  0.50 20 Adriatic Sea  57 7 0  30
Total Adriatic Sea 21 50
North Africa,
    Tenes SW Mediterranean TEN 47 5 0 0.80 15
    Tenes SW Mediterranean TNS  0 - 15
 Alboran Sea   18   22
    Cueva del Coral Alboran Sea DEL  9 0 0.44 15
Total North Africa 32 67
Corsica,
    Baja Casju NW Mediterranean BCA  1 0 0 
    Cala di Ponte NW Mediterranean CDP  2 0 0
    Palazzinu (cave) NW Mediterranean PUA 40 1 0 0
    Palazzu NW Mediterranean PZU  7 0  
    Palazzu deep NW Mediterranean PZP 40 9 0 0
    Porto NW Mediterranean POR  4 0 0 
Total Corsica 24 

    Apulia  APU 45 7  0.57
 7

 Ligurian Sea PDA  7 4  
 7 

 Balearic Sea   4 0  
    Llosa des Patro Pere Balearic Sea LPP  8   
 12 
Marseilles,
    Carro Lions Gulf CRO  3 0  
    Carry le Rouet Lions Gulf CAR  3 0 0 
 Lions Gulf   1 0 0
    Grand Congloué Lions Gulf GC 40 1 0 1
    Grotte à Peres (inside cave) Lions Gulf   3 1 1
    Grotte à Peres (outside cave) Lions Gulf GPE  2 1 0
 Lions Gulf  60 5  0.40
    Plane Lions Gulf PLA  1 0 0
    Ponteau Lions Gulf PON  4 0 0 
    Riou (inside cave) Lions Gulf   14 0 0.14 
    Riou (outside cave) Lions Gulf   8 8 1 
    Riou deep (outside cave) Lions Gulf  40 1  1
 Lions Gulf   1 0 0 
    Tremies (cave) Lions Gulf TRM 14-15 1 0 0
Total Marseille 48 
Côte dAzur,
    Monaco Ligurian Sea MON  7 4   Ligurian Sea   2 0 0 
 9 
Catalonia,
    Cap de Norfeu NW Mediterranean NOR  8 0 0 
    Cova de la Reina NW Mediterranean CDR 14-17 3   
 NW Mediterranean  18 1 0 0
    Meda Xica NW Mediterranean   2  0.50
    Pota del Lop NW Mediterranean POT  8 0  
    Cap de lAbeille NW Mediterranean BAN  1 0 1
    Sec Rederis NW Mediterranean SRE  5 0 0.60 
Total Catalonia 28 
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

) and the results of the analysis of the 

the mean value obtained over 1000 coalescent simulations and the probability that the mean simulated 





Region Sample size  h  

value
mean 




statistics
mean 
simulated 


 Tajimas D
All   0.88 0.006  -0.55 0.00  0.07 0.04 
Adriatic Sea  7 0.64     0.11  0.47 
North Africa 64 11  0.005    0.14 0.10 0.86 0.81
Corsica 48   0.004  -0.05  0.11 0.11 0.58 0.07
 14 5 0.77  -0.67 0.11  0.18 0.17 0.64 0.56
 14   0.001 0.64   0.18  0.45 
  5  0.001  0.18 0.05 0.10 0.15 0.10 
Marseilles  17 0.77 0.006    0.05  0.08 

Monaco 18 4 0.66  0.18 0.08 0.57 0.14 0.16  -0.05
Catalonia 56 6 0.81 0.006  -0.17  0.16 0.10  
Population
ALB  6 0.66  -0.71 0.06    0.48 
 14    0.78    0.18 0.81 1.46
TEN 10 7  0.005  0.16 0.05  0.18  
  6 0.75 0.004 0.64  0.66 0.16  0.87 1.01
DEL 18 4  0.006  0.05   0.14  1.40
PZU 14 4 0.50 0.004   0.77 0.14 0.16  
PZP 18 4 0.55   0.14 0.55 0.14 0.16  -0.17
APU 14 5 0.77  -0.68   0.18 0.17  
PDA 14   0.001 0.64  0.70 0.18  0.44 
LPP 16   0.001   0.10    -1.04
 10 4 0.80 0.005   0.77  0.18 0.78 1.06
  6  0.008  0.01 0.88 0.15   0.56
 16 11  0.008  0.17 0.01  0.14 0.05 
MON 14  0.60  0.46  0.64   0.65 
NOR 16 4 0.77 0.006  0.11   0.15  
POT 16 5  0.007 1.80 0.07  0.18 0.15  
SRE 10 5  0.005 -0.05  0.48 0.15 0.18 0.17 
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


ST or RST

ST like) only takes into account haplotype frequencies and is equivalent to 
ST
Source of 
variation
Percentage 
of variation 
Percentage 
of variation 
EF1  ST like Microsatellites  ST likeAmong groups  CT  CTAmong 
populations 
within groups
 SC  SC
Within 
populations 71.51 ST  ST
EF1  FST like Microsatellites  FST like
Among groups 15.04 CT 4.71 CTAmong 
populations 
within groups
 SC  SC
Within 
populations  ST  ST
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Figures
Fig. 1

different depths (Table 1). Asterisks * indicate the names of some regions covering several sampling sites 


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Fig.2.

indicator of the frequency of each haplotype in the dataset.
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Fig.3 Principal Coordinates Analysis of genetic relationships between regions for microsatellite data. 
ST values were used for population comparison. Percentages of variation explained by the axis: axis 1: 

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Supplementary material:
Corallium rubrum), a temperate gorgonian: 

Submitted to Genetica. 
mRNA isolation and cDNA synthesis of EF1

and then at the genomic DNA level. RNA preparation was performed on fresh material. The geographical 
origin of the individual used for mRNA isolation was Riou island (Marseille) at 40m depth. Messenger 
®) 
according to manufacturers instructions. Two wash steps with high salt buffer were followed by two 
wash with low salt buffer. RNA was precipitated with potassium acetate and glycogen and resuspended 

Kit (Amersham Biosciences®
18






-1, 5 µL of cDNA for a 50µL reaction volume. PCR 


with ethidium bromide. 
Cloning of cDNA PCR products
The PCR products obtained from cDNA were cloned with the pGEM-T Easy vector (Promega) and 



-1




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
origin, the most similar Genbank sequence being the elongation factor 1A cDNA of Scleronephtya 
gracillimumC. rubrum which has been 


Phylogéographie de Corallium rubrum
Tables S1 and S2: results of pairwise genetic differentiation analyses based on EF1 data.
ST values (below diagonal) and results of permutation tests of differentiation based 
ST
indicated by a +. Bold names correspond to samples with at least eight individuals.
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Phylogéographie de Corallium rubrum
ST values (below diagonal) and results of permutation tests of differentiation based 
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indicated by a +. Bold names correspond to samples with at least eight individuals.
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Abstract



obtained results depend on the level of concerted evolution which reduces the divergence levels 


Corallium rubrum, by cloning and sequencing PCR products from ten 
individuals from different sampling locations in the Mediterranean. The 45 obtained sequences 
were compared to already published sequence types for this species. We observed a high level of 
intra-individual diversity with up to seven different sequence types per individual. The maximum 
likelihood tree did not show phylogeographical structuring: sequence types obtained from distant 
locations were in some instances genetically close and inversely very divergent sequences were 



Keywords:
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Introduction
Despite the exponential increase of nucleotide sequence data in the last decade (http://www.ncbi.nlm.nih.
gov/Genbank/genbankstats.html), there is a need for the development of genetic markers for numerous 
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example, in marine organisms, the quantitative importance of larval dispersal cannot be directly evaluated 
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despite some interesting properties of mt DNA such as low effective size and lack of recombination 
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

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by the development of genetic studies on the red coral, Corallium rubrum. This exploited cnidarian 
            

populations even at short distances. Nevertheless, sequence data are still lacking for the evaluation of 
divergence time among distant locations and to test mutation-drift equilibrium (Ramos-Onsins and Rozas, 

did not consider intra-individual variability. The obtained tree did not show any clear geographical pattern. 
Moreover a previous study on another Mediterranean gorgonian, Eunicella cavolinii, evidenced high 
           
(Calderó
phylogeography of red coral remains to be tested. Compared to Calderó
individual variability might be different as this concerns a different species and more distant and potentially 

     
products. The number of different copies observed per individual can indicate if this variability can be 
explained by heterozygous locus or by incomplete concerted evolution. Moreover we added sequences 
issued from areas not analysed in previous studies on red coral (Costantini et al.
north of Adriatic Sea. These new sequences are analysed along with those of Costantini et al
order to study the molecular evolution of this marker and its potential interest for the phylogeography of 
this species.
Material and methods
Samples and DNA extraction
Ten sites were analysed with one individual per site, including localities analysed or not by Costantini et al.

in Ledoux et al
focused our work on analysing different sequences from these individuals and comparing them with already 
published data rather than analysing more individuals.




Variabilité inter-individuelle des ITS chez Corallium rubrum
-1, DNA 5µL for a 


1.5% agarose gels stained with ethidium bromide.
Cloning and sequencing of PCR products
The PCR products were cloned with the pGEM


Cl
-1




Sequence analysis



(indels) were observed in this data set and they were used for the phylogenetic study (Simmons and 









of base frequencies and transition / transversion ratio. The gamma distribution was approximated with 
four classes and an estimation of the alpha parameter. The robustness of the tree was evaluated with 


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


burnin of 5 000 generations and all other parameters by default. The tree was rooted at midpoint and 


with empirical estimates of transition / transversion ratio and of the proportion of invariable sites and a 

Results 



Costantini 
Intra individual variability


PZU individual for which the three sequenced clones were identical, we observed from two to seven 

sequences inside the same individual varied from 0.4 to 6.8% (without taking indels into account). 

ITS1 tree and populations differences:
 et al. 

obtained for this article were different from the sequence types obtained by Costantini 
retrieved two of their sequences: type 1 (from Medes - Catalonia and Marseilles) was observed in the 




supported and the most robust branchings were observed for some of the most distant sequences. Several 


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ones were really divergent. A group of very divergent sequences (at the bottom of the tree) was observed 



Costantini 
sequences were observed among distant locations. Conversely within location, or even within individual, 
very divergent sequences were observed, as for the DEL, SRE or MON individuals.
Discussion
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
Nevertheless, the combined analysis of sequences produced by Costantini 
obtained here after cloning did not reveal any clear structuring pattern, even at large geographical 

divergent sequences were observed within individuals.
The level of intra-individual variability observed with our results is probably too high to result solely 
from artefacts such as mutations arising from PCR or cloning procedures. An estimation of errors induced 
by PCR-cloning protocol on bacterial 16s rDNA, indicated that some mutant sequences could be created 


inside individuals without indels). Moreover the PZU individual, for which we obtained three identical 
sequences, suggests that the error level is not too high. The maximum intra-individual divergence 
 
Eunicella cavolinii 

this previous study).



species. The most divergent sequences observed here could correspond to different, eventually non-

in the seed plant Cycas
divergence between copies seemed lower in the case of the red coral, but the pseudogenes hypothesis is 
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plausible. Pseudogenes and lack of concerted evolution could result from distant chromosomal locations 

evolution and diverge from each other, sometimes leading to pseudogenes.
Crambe crambe
 
Lophelia pertusa  
E. cavolinii Cladocora cespitosa
 Costantini et al. 
polymorphism for red coral in 17.5% of the individuals, but without cloning it was not possible to 
estimate whether this corresponded to heterozygosity for one locus or to differences among loci. Their 
estimation may also be a lower bound since direct sequencing does not always reveal intra-individual 





polymorphism also participates to the lack of information obtained here.
Implications for population genetic studies
As the sequences of the primers annealing sites may vary among individuals, the frequencies of the 

ST values 


or among different paralogs.

divergence compared to functional copies and induce long-branch attraction in tree reconstruction (Xiao 
et al.

usefulness either by an estimation of intra-genomic variability or a posteriori by congruence with other 
markers. This is the case for the brown trout Salmo truttaLeucetta 
chagosensis 
scleractinian coral genus Porites 
such as Pseudopterogorgia elisabethae

Variabilité inter-individuelle des ITS chez Corallium rubrum





conclusions may have been different if intra-individual variability had been considered. Moreover the 
observation of high levels of intra-genomic variability can prevent the publication of results similar to 






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The extent of variation in copy number among different species could be responsible for the presence of 
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intra-individual variability will depend on the interaction between mutation, genetic drift and concerted 
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requires an analysis of the potential impact of intra-individual variability on the results and when possible 
a comparison with a different marker.
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tool. Such approaches will become easier thanks to the sequencing of more genes in different species and 
we are currently developing such markers to red coral analyses.
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coral reef sponge Leucetta chagosensis


Cycas

copy number in populations of wild barley (Hordeum vulgare ssp. spontaneum). PNAS. 87:8741-8745

Variabilité inter-individuelle des ITS chez Corallium rubrum

Table 1: Samples analysed for intra-individual variability. A single individual was analyzed in each 

sequence types for each individual.
Sampling site
Geographic area Abbreviation Geographical 
coordinates
Depth (m) Number of 

clones
Number 

sequences
Sazan Albania  Adriatic 
Sea
ALB   58 4 
 Croatia  Adriatic 
Sea
  57 5 5
 Ceuta / North Africa
(Alboran Sea)
    
Cueva del Coral Ceuta / North Africa
(Alboran Sea)
DEL   4 4
Palazzu Corsica PZU    1
Llosa des Patro Pere 
(Minorca)
LPP   7 6
Riou (inside cave) 
Lions Gulf
   1 1
Riou (outside cave) 
Lions Gulf
   5 5
Monaco Monaco
Ligurian Sea
MON   6 6
Sec Rederis 
Catalonia
SRE   7 7
Annexe 7





were assigned different small alphabetical letters. Geographical origin of haplotypes indicated on the right 


bootstrap above 60% and probabilities above 0.7 are reported. Scale bar: 0.01 substitution per nucleotide 
site.
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